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Preface to Second Edition 


In Infrared Thermal Imaging, seven years is a long time. On the one hand, the de- 
velopment cycles are short which means that many new devices have meanwhile 
become commercially available and others are in the pipeline. On the other hand, 
many new application fields have been opened up and partially breathtaking new 
IR imagery has been published. 

Therefore a second edition of this up-to date textbook was nearly overdue. 
Again it is designed as a desk reference for practitioners as well as a textbook 
for beginners. We have taken this opportunity not only to add a completely new 
chapter and many new subsections of preexisting chapters but also to very care- 
fully revise the whole text including necessary corrections of usually unavoidable 
small misprint errors. Overall this second edition has been largely extended in- 
cluding more than 100 new IR images and graphs. 

In the first three more theoretical and technology based fundamental chap- 
ters, we added a detailed discussion of the history of IR science and technology 
(Section 1.7), elaborated on recent detector developments and the problem of the 
proper waveband selection (Sections 2.2.5.5 and 2.3.3), and discussed potentials 
of polarization sensitive IR imaging and the theoretical deblurring algorithms for 
images (Sections 3.4.2 and 3.5.2.6). 

Chapter 4 on physics of heat transfer and some respective applications was only 
very slightly modified. In Chapter 5 on the use of IR imaging for teaching and 
education purposes we added quite a few new examples including for example, 
imagery from a formula one racing car, the thermal properties of stretching rub- 
ber bands , or visualization of heat transfer through paper and more. We then 
also added a completely new chapter on Short Wave IR imaging which has be- 
come more important within the last decade (new Chapter 6). All subsequent 
old Chapters 6 to 10 were accordingly shifted in the second edition. In the build- 
ing thermography chapter we added an extended section on proper choice of 
palette, level, and span, optically induced thermal effects and other new devel- 
opments (Sections 7.1.2.3, 7.5.2 and 7.8). Quite a few new developments in the 
field of optical gas imaging have been achieved within the last few years which 
we accounted for by a new subsection (Section 8.6). The chapter on microsystem 
was just revised, but not extended. In contrast the two final chapters on other 
application fields have been thoroughly revised, restructured and extended. Be- 
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Preface to Second Edition 


sides new examples on for instance storage rack fires and investigation of furnace 
tubes, and newly reported space shuttle investigations we also focus on remote 
sensing with IR cameras, in particular with drones (new Section 10.11). Finally 
we also included a number of new applications of IR imaging in nature such as 
imaging of clouds, sun, moon, mirages and some new geothermal phenomena 
(Sections 11.5.1, 11.5.3 to 11.5.5). 

Books on evolving fields in science and technology can never reach perfection, 
they can always only present snapshots of the state of the art. Still we hope that 
the content provides a comprehensive coverage of the field and that all readers 
will enjoy this second edition. 

Preparing this edition meant a lot of work and we need to thank again many col- 
leagues who send us comments to the first edition, who contributed by providing 
new fantastic IR images and who had helpful discussions at conferences with us. 
We did of course get very professional support by the publisher and we want to 
thank in particular Mrs. Gudrun Wüst for her ongoing support and always fast 
response to queries and help in problem solving of any technical issues. In addi- 
tion we appreciated the professional help of Mrs. Petra Moews and Mrs. Annegret 
Krap from le-tex publishing services during production as well as corrections due 
to an anonymous professional language check. Last not least, we need of course 
again thank our families for their permanent support, in particular in the final 
stages within the editing stage and proofreading. 

We also thought about adding new author photos, but refrained from doing so. 
The old IR images are still perfect since they do not change as rapidly with time 
as do, for example, visible photos concerning the color of our hair. 


Brandenburg, June 2017 Michael Vollmer and Klaus-Peter Möllmann 


Preface to First Edition 


The really large steps in the history of thermal imaging took place in intervals 
of hundred years. First, infrared radiation was discovered in 1800 by Sir William 
Herschel while studying radiation from the sun. Second, Max Planck was able to 
quantitatively describe the laws of thermal radiation in 1900. It took more than 50 
years thereafter before the first infrared-detecting cameras were developed; ini- 
tially, these were mostly quite bulky apparatus for military purposes. From about 
the 1970s, smaller portable systems started to become available; these consisted 
of liquid nitrogen cooled single photon detector scanning systems. These systems 
also enabled the use of infrared imaging for commercial and industrial applica- 
tions. The enormous progress due to microsystem technologies toward the end of 
the twentieth century — the first uncooled micro bolometer cameras appeared in 
the 1990s — resulted in reliable quantitatively measuring infrared camera systems. 
This means, that the third large step was taken by about the year 2000. Infrared 
thermal imaging has now become affordable to a wider public of specialized physi- 
cists, technicians and engineers for an ever growing range of applications. Nowa- 
days, mass production of infrared detector arrays leads to comparatively low price 
cameras which — according to some advertisements — may even become high-end 
consumer products for everyone. 

This rapid technological development leads to the paradoxical situation that 
there are probably more cameras sold worldwide than there are people who un- 
derstand the physics behind and who know how to interpret the nice and colorful 
images of the false color displays: IR cameras easily produce images, but unfor- 
tunately, it is sometimes very difficult even for the specialist to quantitatively de- 
scribe several of the most simple experiments and/or observations. 

The present book wants to mitigate this problem by providing an extensive 
background knowledge on many different aspects of infrared thermal imaging 
for many different users of IR cameras. We aim at least for three different groups 
of potential users. 

First, this book addresses all technicians and engineers who use IR cameras for 
their daily work. On the one hand, it will provide extensive and detailed back- 
ground information not only on detectors and optics but also on practical use of 
camera systems. On the other hand, a huge variety of different application fields 
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is presented with many typical examples with hints of how to notice and deal with 
respective measurement problems. 

Second, all physics and science teachers at school or university level can benefit 
since infrared thermal imaging is an excellent tool for visualization of all phe- 
nomena in physics and chemistry related to energy transfer. These readers can 
particularly benefit from the huge variety of different examples presented from 
many fields, a lot of them given with qualitative and/or quantitative explanations 
of the underlying physics. 

Third, this text also provides a detailed introduction to the whole field of in- 
frared thermal imaging from basics via applications to up to date research. Thus 
it can serve as a textbook for newcomers or as a reference handbook for special- 
ists who want to dig deeper. The large number of references to original work can 
easily help to study certain aspects in more depth and thus get ideas for future 
research projects. 

Obviously, this threefold approach concerning the addressed readers does have 
some consequences for the structure of the book. We tried to write the ten chap- 
ters such that each may be read separately from the others. In order to improve the 
respective readability, there will be some repetitions and also cross references in 
each chapter (that more information can be found in other chapters or sections). 

For example, teachers or practitioners may initially well skip the introductory 
more theoretical chapters about detectors or detectors systems and jump right 
away into the section of their desired applications. Obviously, this sometimes 
means that not every detail of explanation referring to theory will be understood, 
but the basic ideas should become clear — and maybe later on, those readers will 
also get interested in checking topics in the basic introductory sections. 

The organization of this book is as follows: the first three chapters will provide 
extensive background information on radiation physics, single detectors as well 
as detector arrays, camera systems with optics, and IR image analysis. This is fol- 
lowed by a partly theoretical chapter on the three different heat transfer modes, 
which will help enable a better understanding of the temperature distribution that 
can be detected at the surfaces of various objects as for example, buildings. Chap- 
ter 5 then gives a collection of many different experiments concerning phenom- 
ena in physics. This chapter was particularly written with teaching applications 
in mind. The subsequent three chapters discuss three selected application as well 
as research topics in more detail: building thermography as a very prominent ev- 
eryday application, the detection of gases as a rather new emerging industrial ap- 
plication with very good future prospects and the analysis of microsystems for 
research purposes. Finally, the last two chapters give a large number of other ex- 
amples and discussions of important applications ranging for example from the 
car industry, sports, electrical, and medical applications via surveillance issues to 
volcanology. 

Our own background is twofold. One of us had originally worked in IR detector 
design before switching to microsystem technologies whereas the other worked 
on optics and spectroscopy. Soon after joining our present affiliation, a fruitful 
collaboration in a common new field, IR imaging, developed, starting with the 
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purchase of our first MW camera in 1996. Meanwhile, our infrared group has 
access to three different IR camera systems from the extended MW to the LW 
range including a high speed research camera and a lot of additional equipment 
such as microscope lenses and so on. Besides applied research, our group focuses 
also on teaching the basics of IR imaging to students of Microsystem and Optical 
Technologies at our university. 

Obviously, such a book cannot be written without the help of many people, be 
it by discussions, by providing images, or just by supporting and encouraging us 
in phases of extreme work load towards the end of this endeavor. We are there- 
fore happy to thank in particular our colleagues Frank Pinno, Detlef Karstadt, and 
Simone Wolf for help with various tasks that had often to be done at very short 
notice. 

Furthermore, we want to especially thank Bernd Schönbach, Kamayni Agarwal, 
Gary Orlove, and Robert Madding for fruitful discussions on selected topics and 
also for permission to use quite a large number of IR images. 

We are also grateful to S. Calvari, J. Giesicke, M. Goff, P. Hopkins, A. Mostovoj, 
M. Ono, M. Ralph, A. Richards, H. Schweiger, D. Sims, S. Simser, C. Tanner, 
and G. Walford for providing IR images and to A. Krabbe & D. Angerhausen, as 
well as DLR for providing other graphs. Also the following businesses have given 
permission to reproduce images, which we gratefully acknowledge: Alberta Sus- 
tainable Resource development, BMW, Daimler, FLIR systems, IPCC, IRIS, ITC, 
MoviTHERM, NAISS, NASA, Nature, NRC of Canada, PVflex, Raytek, Telops, 
Ulis, as well as United Infrared Inc. 

Finally we need to especially thank our families for their tolerance and patience, 
in particular during the final months. Last not least we also need to express spe- 
cial thanks for the effective working together with Mrs. Ulrike Werner from Wi- 
ley/VCH. 


Brandenburg, June 2010 Michael Vollmer and Klaus-Peter Mollmann 


XXI 


List of Acronyms 


AGC 
APE 
BLIP 
BP 

CCS 
CM 
DDE 
DoLP 
DSLR 
EM 
FLIR 
FOV 
FPA 
FTIR 
FWHM 
GPS 
HITRAN 
HOT 
HSM 
IFOV 
IR 

ITC 
LDAR 
LOW TRAN 
LW 
MEMS 
MCT 
MDTD 
MODIS 
MODTRAN 
MQW 
MRTD 


Automatic Gain Control 

Advanced Plateau Equalization 

Background Limited Infrared Photodetection 
Band Pass (filter) 

Carbon Capture and Storage 

Condition Monitoring 

Digital Detail Enhancement 

Degree of Linear Polarization 

Digital Single-Lens Reflex (camera) 
ElectroMagnetic (waves, spectrum, ...) 
Forward Looking InfraRed (camera) 

Field Of View 

Focal Plane Array 

Fourier Transform InfraRed (spectroscopy) 
Full Width at Half Maximum 

Global Positioning System 

HIgh resolution atmospheric TRANsmission 
High Operating Temperature 

High Sensitivity Mode (FLIR cameras) 
Instantaneous Field Of View 

InfraRed spectral range 

Infrared Training Center 

Leak Detection And Repair 

LOW resolution atmospheric TRANsmission 
Long Wave (IR) 

Micro Electro Mechanical Systems 

Mercury Cadmium Telluride 

Minimum Detectable Temperature Difference 
MODerate-resolution Imaging Spectroradiometer 
MODerate resolution atmospheric TRANsmission 
Multiple Quantum Wells 

Minimum Resolvable Temperature Difference 


XXIII 


XXIV 


List of Acronyms 


MST 
MSX 


MTF 
MW 
NBP 
NDT 
NEP 
NESR 
NETD 
NIR 
NUC 
OGI 
PdM 
PE 
PET 
PSF 
PVC 
QWIP 
R&D 
ROI 
ROIC 
SNR 
SRF 
STS 


SW 
T2SLS 
TSR 
UAV 
UV 
VGA 
VIS 
VOC 
1D 
2D 
3D 


Micro System Technologies 
MultiSpectral dynamic imaging (FLIR patented image software 
tool) 

Modulation Transfer Function 

Mid Wave (IR) 

Narrow Band Pass (Filter) 

Non Destructive Testing 

Noise Equivalent Power 

Noise Equivalent Spectral Radiance 
Noise Equivalent Temperature Difference 
Near InfraRed (Spectral Range) 

Non Uniformity Correction 

Optical Gas Imaging 

Predictive Maintenance 

Plateau Equalization (FLIR software) 
PolyEthylene Terephthalate 

Point Spread Function 

PolyVinyl Chloride 

Quantum Well Infrared Photodetetor 
Research and Development 

Region Of Interest 

Read Out Integrated Circuit 

Signal to Noise Ratio 

Slit Response Function 

Space Transportation System (numbers for space shuttle mis- 
sions) 

Short Wave (IR) 

Type II Strained Layer Superlattice 

Total Solar Reflection 

Unmanned Aerial Vehicle 

UltraViolet spectral range 

Video Graphics Array (standard for images with 640 - 480 pixels) 
VISible spectral range 

Volatile Organic Compounds 
one-dimensional 

two-dimensional 

three-dimensional 


Chapter 1 
Fundamentals of Infrared Thermal Imaging 


1.1 
Introduction 


Infrared (IR) thermal imaging, also often called thermography for short, is a 
very rapidly evolving field in science as well as industry owing to the enormous 
progress made in the last three decades in microsystem technologies of IR detec- 
tor design, electronics, and computer science. Thermography nowadays is applied 
in research and development as well as in a variety of different fields in industry, 
such as nondestructive testing, condition monitoring, and predictive mainte- 
nance, reducing energy costs of processes and buildings, detection of gaseous 
species, and many more areas. In addition, competition in the profitable industry 
segment of camera manufacturers has recently led to the introduction of low-cost 
models at a price level of just several thousand dollars or euros, and smartphone 
accessories even below five hundred dollars, which has opened up new applica- 
tion fields for the cameras. Besides education (obviously schools’ problems with 
financing expensive equipment for science classes are well known), IR cameras 
will probably soon be advertised in hardware stores as “must-have” do-it-yourself 
products for analyzing building insulation, heating pipes, or electrical compo- 
nents in homes. This development has both advantages and drawbacks. 

The advantages may be illustrated by an anecdote based on personal experi- 
ences concerning physics teaching in school. Physics was, and still is, considered 
to be a very difficult subject in school. One of the reasons may be that simple phe- 
nomena of physics, for example, friction or the principle of energy conservation 
in mechanics, are often taught in such an abstract way that rather than being at- 
tracted to the subject, students are scared away. One of us clearly remembers a 
frustrating physics lesson at school dealing first with free-falling objects and then 
with the action of walking on a floor. First, the teacher argued that a falling stone 
would transfer energy to the floor such that the total energy was conserved. He 
only used mathematical equations but stopped his argument at the conversion 
of initial potential energy of the stone to kinetic energy just prior to impact with 
the floor. The rest was a hand-waving argument that, of course, the energy would 
be transformed into heat. The last argument was not logically developed; it was 
just one of the typical teacher arguments to be believed (or not). Of course, at 
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those times, it was very difficult in schools to actually measure the conversion 
of kinetic energy into heat. Maybe the students would have been more satisfied if 
the teacher had at least attempted to visualize the process in more detail. The sec- 
ond example — explaining the simple action of walking — was similarly frustrating. 
The teacher argued that movement was possible owing to the frictional forces be- 
tween shoe and floor. He then wrote down some equations describing the under- 
lying physics, and that was all. Again, there were missing arguments: if someone 
walking has to do work against frictional forces, there must be some conversion 
of kinetic energy into heat, and shoes as well as the floor must heat up. Again, 
of course, at those times, it was very difficult in school to actually measure the 
resulting tiny temperature rises of shoes and floors. Nevertheless not discussing 
them at all was a good example of bad teaching. And again, maybe some kind of 
visualization would have helped. But visualizations were not a strength of this old 
teacher, who rather preferred to have Newton's laws recited in Latin. 

Visualization refers to any technique for creating images, diagrams, or anima- 
tions to communicate an abstract or a concrete argument. It can help bring struc- 
ture to a complex context, it can make verbal statements clear, or it can give clear 
and appropriate visual representations of situations or processes. The underlying 
idea is to provide visual concepts that help to better understand and better recol- 
lect a context. Today, in the computer age, visualization is finding ever-expanding 
applications in science, engineering, medicine, and other fields. In the natural sci- 
ences, visualization techniques are often used to represent data from simulations 
or experiments in plots or images in order to make analysis of the data as easy as 
possible. Powerful software techniques often enable the user to modify the visu- 
alization in real time, thereby allowing easy perception of patterns and relations 
in the abstract data in question. 

Thermography is an excellent example of a visualization technique that can be 
used in many different fields of physics and science. Moreover, it has opened up a 
totally new realm of physics in terms of visualization. Nowadays, it is possible to 
visualize easily the (to the human eye) invisible effects of temperature rise of the 
floor upon impact of a falling object or upon interaction with the shoe of a walk- 
ing person. This will allow totally new ways of teaching physics and the natural 
sciences starting in school and ending in the training of professionals in all kinds 
of industries. Visualization of “invisible” processes of physics or chemistry with 
thermography can be a major factor creating fascination for and interest in these 
subjects, not only in students at school and university but also for the layperson. 
Nearly every example described later in this book can be studied in this context. 

The drawbacks of promoting IR cameras as mass products for a wide range of 
consumers are less obvious. Anyone owning an IR camera will be able to produce 
nice and colorful images, but most will never be able to fully exploit the potentials 
of such a camera — and most will never be able to correctly use it. 

Typically, the first images recorded with any camera will be the faces of people 
nearby. Figure 1.1 gives an example of IR images of the two authors. Anyone con- 
fronted with such images for the first time would normally find them fascinating 
since they provide a totally new way of looking at people. The faces can still be 
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(a) (b) 


Figure 1.1 IR thermal images of (a) K-P. Méllmann and (b) M. Vollmer. 
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Figure 1.2 Various signal contributions entering an IR camera due to external influences. 


recognized, but some parts look strange, for example, the eyes. Also, the nostrils 
(Figure 1.1b) seem to be distinctive and the hair to be surrounded by an “aura.” 

For artists who want to create new effects, such images are fine, but thermog- 
raphy — if it is to be used for the analysis of real problems like building insulation, 
for example — is much more than this. Modern IR cameras may give qualitative 
images, colorful images that look nice but mean nothing, or they can be used as 
quantitative measuring instruments. The latter use is the original reason for de- 
veloping these systems. Thermography is a measurement technique that, in most 
cases, is able to quantitatively measure surface temperatures of objects. To use this 
technique correctly, professionals must know exactly what the camera does and 
what the user must do to extract useful information from images. This knowledge 
can only be obtained through professional training. Therefore, the drawback in IR 
cameras is that they require professional training before they can be used prop- 
erly. A multitude of factors can influence IR images and, hence, any interpretation 
of such images (Figure 1.2 and Chapters 2 and 7). 

First, radiation from an object (red) is attenuated via absorption or scattering 
while traveling through the atmosphere (Section 1.5.2), IR windows, or the cam- 
era optics (Section 1.5.4). Second, the atmosphere itself can emit radiation owing 
to its temperature (blue) (this also holds for windows or the camera optics and 
housing itself), and third, warm or hot objects in the surroundings (even the ther- 
mographer is a source) may lead to reflections of additional IR radiation from the 
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Table 1.1 Several parameters and factors affecting images recorded with modern IR cameras 


systems. 


Parameters affecting IR images gen- 
erated from raw detector data within 
camera that can usually be adjusted us- 
ing camera software; quantitative results 
can strongly depend on some of these 
parameters! They can often be changed 
while analyzing images (after recording) 
if proper software is used (this may not 
be possible for the cheapest models!) 


Parameters affecting how data are plot- 
ted as an image; if chosen unfavorably, 
important details may be disguised 


Some parameters that can significantly 
affect quantitative analysis and interpre- 
tation of IR images 


Emissivity of object 

Distance of camera to object (usually in 
meters, feet in the USA) 

Size of object 

Relative humidity 

Ambient temperature (usually in degrees 
Celsius or Kelvin, degrees Fahrenheit in the 
USA) 

Atmospheric temperature 

External optics temperature 

External optics transmission 


Temperature span AT 
Temperature range and level 
Color palette 


Wavelength dependence of emissivity 
(wavelength range of camera) 
Angular dependence of emissivity (angle of 


observation) 

e Temperature dependence of emissivity 

e Optical properties of matter between cam- 
era and object 

e Use of filters (e.g., high temperature, nar- 
rowband) 

e Thermal reflections 

e Wind speed 

e Solar load 

e Shadow effects of nearby objects 

e Moisture 

e Thermal properties of objects (e.g., time 
constants) 


object or windows, and so on (pink arrows). The contributions from the object or 
windows may, furthermore, depend on the material, the surface structure, and so 
on, which are described by the parameter emissivity. These and other parameters 
are listed in Table 1.1; they are all discussed in subsequent sections. 

Even if all of these parameters are dealt with, some remaining open questions 
will need to be answered. Consider, for example, someone who uses IR imaging 
in predictive maintenance doing electrical component inspections. Suppose the 
recording of an IR image shows a component with an elevated temperature. The 
fundamental problem is the assessment criterion for the analysis of IR images. 
How hot can a component become and still be okay? What is the criterion for 
an immediate replacement, or how long can one wait before replacement? These 
questions involve a lot of money if the component is involved in the power supply 
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of an industrial complex, the failure of which can lead to a shutdown of a facility 
for a certain period of time. 

Obviously, buying a camera and recording IR images may shift the problem 
from not knowing anything at all to the problem of understanding the IR technol- 
ogy being used and all aspects of IR image interpretation. This book deals with the 
second problem. In this respect, it is addressed to at least three different groups of 
people. First, it will benefit interested newcomers to the field by giving an intro- 
duction to the general topic of IR thermal imaging, by discussing the underlying 
fundamental physics, and by presenting numerous examples of the technique in 
research as well as in industry. Second, it will benefit educators at all levels who 
want to include IR imaging in their curriculum in order to facilitate the under- 
standing of physics and science topics as well as IR imaging in general. Third, it is 
addressed to all practitioners who own an IR camera and want to use it as a quan- 
titative or qualitative tool for business. The text complements any kind of modern 
IR camera training/certification course as is offered by nearly every manufacturer 
of such camera systems. 

The authors sincerely hope that this text will help reduce the number of color- 
ful, but often quite wrongly interpreted, IR images of buildings and other objects 
in daily newspapers. In one typical example, a (probably south) wall of a house 
that had been illuminated by the sun for several hours before the IR image was 
taken was — of course — showing up as being warmer than the windows and other 
walls of the house. The interpretation that the wall was obviously very badly in- 
sulated was, however, pure nonsense (Chapter 7). In addition, we hope that in the 
future trained specialists will no longer call up their manufacturer and ask, for 
example, why they are not able to see any fish in their aquarium or in a pond with 
a long-wave (LW) camera. When that happens, there will be no more complaints 
about system malfunctions because the IR camera measures skin temperatures 
well above 45°C. Or, to give a last example, people will no longer ask whether 
they are also able to measure the temperature of hot noble gases or oxygen using 
IR imaging. 

We next come to the reason for bringing out the second edition of our book on 
IR thermal imaging. Of course, various handbooks have been published [1—6] that 
contain articles on several related topics, a number of books are available on cer- 
tain aspects like the principles of radiation thermometry [7-9], detectors and de- 
tector systems, and their testing [10—16], IR material properties [17, 18], the fun- 
damentals of heat transfer [19, 20], and an overview of the electromagnetic (EM) 
spectrum in the IR and adjacent regions [21], and, finally, some concise books on 
practical applications have also been released [22-24]. However, not only the de- 
tector technologies but also the range of applications have increased enormously 
over the past decade and since the first edition of this textbook. Therefore, an up- 
to-date review of the 2017 state of the art in technology and applications seems 
overdue. 

This text uses the international system of units. The only deviation from this 
rule concerns temperature, probably the most important quantity for thermog- 
raphy. Temperatures in science should be given in Kelvin; IR camera manufac- 
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Table 1.2 Relation between three commonly used temperature scales in thermography. 


T (K) T (°C) T (°F) 

0 (absolute zero) —273.15 —459.67 
273.15 0 32 
373.15 100 212 

1273.15 1000 1832 


AT (K) = ATCO; AT CO) = (5/9) - AT CP; 
T (K = T CC) + 273.15; T (°C) = (5/9) - (T CF) — 32); 
T CE) = (9/5) - T (°C) + 32. 


turers, however, mostly use the more common Celsius scale for their images. For 
North American customers, there is the option of presenting temperatures on the 
Fahrenheit scale. Table 1.2 gives a short survey of how these temperature readings 
can be converted from one unit to another. 


1.2 
Infrared Radiation 


1.2.1 
Electromagnetic Waves and the Electromagnetic Spectrum 


In physics, visible light (VIS), ultraviolet (UV) radiation, IR radiation, and so on 
can be described as waves — to be more specific, as EM waves (for some properties 
of IR radiation, e.g., in detectors, a different point of view with radiation acting 
like a particle is adopted, but for most applications, the wave description is more 
useful). 

Waves are periodic disturbances (think, e.g., of vertical displacements of a wa- 
ter surface after a stone has been thrown into a puddle or lake) that keep their 
shape while progressing in space as a function of time. The spatial periodicity is 
called wavelength, A (given, for example, in meters, micrometers, nanometers), 
the transient periodicity is called the period of oscillation, T (in seconds), and its 
reciprocal is the frequency, v = 1/T (ins! or Hertz). Both are connected via the 
speed of propagation c of the wave by Eq. (1.1): 


c=v-1 (1.1) 


The speed of propagation of waves depends on the specific type of wave. Sound 
waves, which exist only if matter is present, have typical speeds of about 340 m s~! 
in air (think of the familiar thunder and lightning rule: if you hear the thunder 3 s 
after seeing the lightning, it has struck at a distance of about 1 km). In liquids, this 
speed is typically at least three times higher, and in solids, the speed of sound can 
reach about 5 kms™!. In contrast, EM waves propagate at the much higher speed 
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t=0 
——— 
À Propagation 
Figure 1.3 Three snapshots of a sinusoidal function of time. The snapshots start at t = 0 
wave traveling from left to right. Part of the then show the wave after half a period and 


wave (one wavelength) is marked (red line)to a full period. In one period T, the wave has 
demonstrate how the wave propagates as a traveled one wavelength À. 


of light, which is c = 299 792 458 m s7} ~ 300000 km s™! in a vacuum and v = c/n 
in matter, with n being the index of refraction, which is a number of the order of 
unity. 

In nature, the geometric form of a disturbance is very often sinusoidal, that is, 
it can be described by the mathematical sine function. Figure 1.3 schematically 
depicts snapshots of a sinusoidal wave traveling from left to right in space. The 
bottom snapshot refers to a starting time of t = 0. One wavelength À is marked 
by a red bold line. After half a period of oscillation (when t = T/2), the wave has 
moved by 1/2, and when t= T, it has moved by one wavelength in the propagation 
direction. 

Disturbances, which resemble waves, can be of a great variety. For example, 
sound waves in gases are due to pressure variations and water waves are verti- 
cal displacements of the surface. According to the type of disturbance, two wave 
types are usually defined: in longitudinal waves (e.g., sound waves in gases), the 
disturbance is parallel to the propagation direction, whereas in transverse waves 
(e.g., surface-water waves), it is perpendicular to it. With springs (Figure 1.4), both 
types of waves are possible (e.g., sound waves in solids). In transverse waves, the 
disturbances can oscillate in many different directions. This is described by the 
property called polarization. The plane of polarization is the plane defined by the 
disturbance and the propagation direction. 

Light and IR radiation are EM waves. In EM waves, the disturbances are electric 
and magnetic fields. They are perpendicular to each other and also perpendicular 
to the propagation direction, that is, EM waves are transverse waves (Figure 1.5). 
The maximum disturbance (or elongation) is called the amplitude. 

The polarization is defined by the electric field and the propagation direction, 
that is, the wave is polarized in the x—z plane in Figure 1.5. Sunlight and light 
from many other sources like fire, candles, or light bulbs is unpolarized, that is, 
the plane of polarization of these light waves can have all possible orientations. 
Such unpolarized radiation may, however, become polarized by reflections from 
surfaces or on passing a so-called polarizer. 
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Figure 1.4 Illustration of longitudinal (a) and transverse waves (b). The latter have the addi- 
tional property of polarization. 


Figure 1.5 IR radiation involves a special 
kind of EM waves. In EM waves, the elec- 
tric field and the magnetic induction field 
are perpendicular to each other and to 
the direction of propagation (here the z- 
direction). 
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Figure 1.6 Microscopic wire grids can act as polarizers for IR radiation. The transmitted electric 
field oscillates perpendicular to the direction of the wires. 


For VIS and IR radiation the simplest polarizer consists of a microscopically 
small conducting grid (similarly, a metal wire grid can polarize microwave radia- 
tion). If unpolarized radiation is incident on such a grid, only those waves whose 
electric field is oscillating perpendicular to the grid wires are transmitted (Fig- 
ure 1.6). Such polarizing filters can help suppress reflections when taking photos 
with a camera (for more details, see [25, 26] and Section 3.4). 

Figure 1.7 gives an overview of EM waves, ordered according to their wave- 
length or frequency. This spectrum consists of a great variety of different waves. 
All of them can be observed in nature, and many have technical applications. 

Starting from the top of the figure, for example, y-rays have the highest fre- 
quencies, that is, the shortest wavelengths. X-rays are well known from their med- 
ical applications, and UV radiation is important in the context of the ozone hole 
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Figure 1.7 Overview of most common 
types of EM waves. The visible spectral range 
(VIS) covers only a tiny part with wave- 

1018 X-rays lengths from 0.38 to 0.78 um, followed at 
longer wavelengths by the infrared (IR) from 
0.78 um to 1 mm. 
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since less ozone in the upper atmosphere means more UV radiation from the sun 
reaches the surface of the earth, which can cause skin cancer. The visible light, 
defined by the sensitive range of the light receptors in our eyes, only covers a very 
small range within this spectrum, with wavelengths from 380 to 780 nm. The ad- 
jacent spectral region with wavelengths from 780 up to 1mm is usually called 
infrared, which is the topic of this book. This range is followed by microwaves, 
RADAR, and all EM waves that are used for radio, TV, and so on. Recently, new 
sensing developments in the frequency range from 0.1 to 10 THz have led to the 
newly defined range of terahertz radiation, which overlaps part of the IR and mi- 
crowave ranges. 

For IR imaging, only a small range of the IR spectrum is used. It is shown in an 
expanded view in Figure 1.8. Typically, three spectral ranges are defined for ther- 
mography: the long-wave (LW) region from around 8 to 141m, the mid-wave 
(MW) region from around 3 to 5 um, and the short-wave (SW) region from 0.9 
to 1.7 um. Commercial cameras are available for these three ranges (note that the 
limiting wavelengths for these ranges, also called bands, can vary depending on 
the actual detector sensitivities (Figure 2.71) and additional optical filter elements; 
for most simple estimates we use the aforementioned values). The restriction to 
these wavelengths follows firstly from considerations of the amount of thermal 
radiation to be expected (Section 1.3.2), secondly from the physics of detectors 
(Chapter 2), and thirdly from the transmission properties of the atmosphere (Sec- 
tion 1.5.2). 

The origin of naturally occurring EM radiation is manifold. The most impor- 
tant process for thermography is the so-called thermal radiation, which will be 
discussed in detail in the next section. In brief, the term thermal radiation im- 
plies that every body or object at a temperature T > 0 K (—273.15°C) emits EM 
radiation. The amount of radiation and its distribution as a function of wavelength 
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Figure 1.8 Infrared (IR) and adjacent spectral regions and expanded view of so-called thermal 
IR. This is the region where IR imaging systems for short-wave (SW), mid-wave (MW), and long- 
wave (LW) cameras exist. Special systems have extended ranges. 


depend on temperature and material properties. For temperatures in the range of 
natural and technological processes, this radiation is in the thermal IR spectral 
region. 


1.2.2 
Basics of Geometrical Optics for Infrared Radiation 


1.2.2.1 Geometric Properties of Reflection and Refraction 

From the observation of shadows or the use of laser pointers, it is an everyday 
experience that visible light propagates more or less in straight lines. This behavior 
is most easily described in terms of geometrical optics. This description is valid if 
the wavelength of the light is much smaller than the size of the objects/structures 
on which the light is incident. IR radiation has a behavior very similar to that of 
visible light; hence, it can also often be described using geometrical optics: 


e In homogeneous materials, IR radiation propagates in straight lines. It can be 
described as rays whose propagation follows from geometrical laws. Usually 
the rays are indicated by arrows. 

e At the boundary between two materials, part of the incident radiation is re- 
flected, and part of it is transmitted as refracted IR radiation (Figure 1.9). 

e The optical properties of homogeneous materials, for example, those of a lens 
of an IR camera, are described by the index of refraction n. This index n is a 
real number larger than unity for nonabsorbing materials and a complex math- 
ematical quantity for absorbing materials. The properties of materials for the 
thermal IR spectral range are described in detail in Section 1.5. 
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a4 ay 


Material 1, 
e.g., air: n; = 1 


Law of reflection: 
& = ay 


Law of refraction: 


Material 2, = N4SIN ay = NSIN ay 
e.g., Ge: No = 4 Op $ 


Figure 1.9 Laws of reflection and refraction in geometrical optics. The examples given in the 
figure refer to IR radiation, which is incident from the air on a germanium surface. 


e The orientation between the incident radiation and surface normal of the 
boundary between two materials is called the angle of incidence, a,. The cor- 
responding angle between the reflected ray and the surface normal is the angle 
of reflection, a The law of reflection — which is the basis for mirror optics — 
states that 


at = a (1.2) 


e The orientation between the transmitted refracted radiation and surface nor- 
mal of the boundary between two materials is called the angle of refraction, a). 
If the index of refraction of the two materials are given by 1, and ny, the law of 
refraction (also called Snell’s law) — which is the basis for lens optics — states 
that 


n sina, = n, sina, (1.3) 


The propagation of radiation in matter can be described using these two laws. 
Nowadays, this is mostly done using ray-tracing programs, which make it possi- 
ble to follow the path of radiation through many different materials and a large 
number of boundaries, as are usual, for example, in complex lens systems used in 
optical instruments such as IR cameras. 

Refraction is also the basis for studying spectra and defining the IR spectral 
region. In the seventeenth century, Isaac Newton demonstrated that the index 
of refraction of materials depends on the wavelength of visible light. The same 
holds for IR radiation. Typical optical materials show a normal dispersion, that 
is, the index of refraction decreases with increasing wavelength. If radiation is 
incident on a prism, the angles of refracted light within the prism are determined 
from the law of refraction. If the index of refraction decreases with increasing 
wavelength, the radiation with longer wavelength is refracted less than the short 
wavelength radiation. The same holds for the second boundary of the prism. As a 
result, the incident EM radiation is spread out into a spectrum behind the prism. 
If thermal IR radiation is incident and the prism is made of an IR transparent 
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Figure 1.10 Generating a spectrum from a collimated narrow beam of EM radiation using a 
nonabsorbing prism. 


material, the LW radiation will end up on top and the SW radiation on the bottom 
of the spectrum in Figure 1.10. 


1.2.2.2 Specular and Diffuse Reflection 

Finally, IR imaging is often used to study objects with rough surfaces. In such 
cases, reflection need not be directed but can also have a diffuse component. Fig- 
ure 1.11 illustrates the transition from directed reflection, also called specular re- 
flection, to diffuse reflection. 


1.2.2.3. Portion of Reflected and Transmitted Radiation: Fresnel Equations 

Equations 1.2 and 1.3 give the directions of reflected and transmitted radiation. 
The portions of reflected and transmitted light, which depend on angle of inci- 
dence, can also be computed from the so-called Fresnel equations of wave op- 
tics [25, 27]. For the purpose of this book, graphical results will be sufficient. Fig- 


Incident light | Specularly reflected Mostly specularly 
light Incident light reflected light 


Diffuse 
scattering 
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diffuse 
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Surface with a lot of 


micro roughness 


Figure 1.11 During the transition from smooth to rough surfaces, optical reflections change 
from specular mirrorlike (a) to diffuse reflection (c). The most common case is a combination of 
both types of reflection (b). 
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Figure 1.12 The portion of reflected visible light from an air-glass boundary (a) or of IR radia- 
tion from an air-silicon boundary (b) depends on the polarization of the radiation. 


ure 1.12 shows representative results for the reflection of visible light (A = 0.5 um) 
for a boundary between air and glass and for IR radiation (A = 10 um) for a bound- 
ary between air and silicon. 

Reflected light consists of two contributions: the first is light that is polarized 
parallel (R,,) and the second is light that is polarized perpendicular (R,) to the 
plane of incidence. The latter is defined as the plane made up by the surface nor- 
mal of the boundary and the propagation direction of the EM radiation. In Fig- 
ure 1.9 and the inset in Figure 1.12, the drawing plane is the plane of incidence. 
For the perpendicular component, the portion of reflected radiation, called reflec- 
tivity, slowly increases from 0.04 for the VIS case (and about 0.3 for IR) at normal 
incidence (a = 0°) up to the maximum value of 1.0 at grazing incidence (a = 90°). 
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In contrast, the parallel component first decreases from the same starting value 
at a = 0°, reaches a specific angle, called the Brewster angle, with zero reflectivity, 
and then steeply rises to the maximum value of 1.0 at grazing incidence. 

In general, the Brewster angle œp, for a transition from a transparent, that is, 
nonabsorbing material A (e.g., air) to a transparent material B (e.g., glass) is de- 
fined by the condition 

tan(@p,) = sinlar) — “ (1.4) 
cos(@p,) Na 
which, for the preceding examples, gives ag, = 56.3° for air—glass (VIS) and ap, = 
75° for air—silicon (IR). For absorbing materials, the general form of the curves 
stays the same; however, the minimum may not reach zero and the Brewster angles 
may shift. 

Thermal reflections are important in many applications of thermography. For 
quick numerical estimates, we mention Eq. (1.5), which gives the reflectivity R 
(portion of reflected radiation) in terms of the refractive indices for the case of 
normal incidence (a = 0°). The material A from which radiation is incident is 
considered to be transparent (e.g., air), whereas the material B from which radia- 
tion is reflected can be transparent or opaque to the radiation. In the latter case, 
the index of refraction, which can be found as a function of wavelength in tables 
of several handbooks [18], is mathematically a complex number ng = n, +in, and 


Deya 
(mi-n +n 


R(a = 0°, na, ng = A +iny) = (1.5) 


(n +n +n} 
In the preceding examples, n4 = 1.0, n; = 1.5, and n, = 0, which gives R = 0.04 
for air-glass at A = 0.5 um and n, = 1.0, n, = 3.42, and n, = 6.8 - 107°, which 
gives R = 0.30 for air—silicon at à = 10 um. Some applications of these results are 
discussed in the section on suppression of thermal reflections (Section 3.4). 


1.3 
Radiometry and Thermal Radiation 


In any practical measurement with an IR camera, an object emits radiation in the 
direction of the camera, where it is focused on the detector and measured quan- 
titatively. Since thermography is mostly done with solid objects, which are, fur- 
thermore, opaque to IR radiation, the emission refers to the surfaces of the objects 
only (the most important exception — gases — will be treated separately in Chap- 
ter 8). Let us consider a small surface area element dA that emits thermal radiation 
in the specific direction of the detector, which occupies a certain solid angle. To 
characterize the emission, propagation, and irradiance of any kind of radiation — 
that is, also the thermal radiation discussed here — with respect to the detector, a 
set of several radiometric quantities has been defined, which will be introduced in 
Section 1.3.1. As will become evident, a certain class of emitters — so-called black- 
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do Figure 1.13 The total energy flux, dỌ, emitted by a surface 
area element, dA, is emitted in a hemisphere above dA. 


Surface area 
element dA 


bodies — has unique properties concerning the total amount of emitted radiation 
as well as their geometrical distribution. This will be discussed in Section 1.3.2. 


1.3.1 
Basic Radiometry 


1.3.1.1 Radiant Power, Excitance, and Irradiance 
Consider an element dA of the radiating surface of an object. The total energy flux 
d@ from this surface element dA into the hemisphere is called power, radiant 
power, or energy flux with the SI unit W (watt) (Figure 1.13). This quantity can 
only be measured directly if the detector collects radiation from the hemisphere 
completely. This is usually not the case. 

If this radiant power is related to the emitting surface area, we find the excitance, 
M, in W m”, using 


m= 


JA (1.6) 


Obviously excitance (sometimes also called emittance or emissive power [16, 
20]) characterizes the total radiant power within the hemisphere divided by the 
surface area. It contains the contributions of all emitted wavelengths (for the 
sake of simplicity, we write total derivatives; note, however, that these are partial 
derivatives, since the radiant power depends also on angles and wavelength). 

If, in contrast, we consider the total incident power from a hemisphere on a 
given surface dA, the same definition leads to the irradiance E = d®/ dA. Obvi- 
ously, excitance and irradiance refer to the same units of measurement, namely, 
watts per meter squared (W m7), but the corresponding energy flux is either 
emitted or received by a particular surface area dA. 


1.3.1.2 Spectral Densities of Radiometric Quantities 

So far, radiant power, excitance, and irradiance for an area dA refer to the to- 
tal power emitted to or received from a hemisphere. In practice, all radiometric 
quantities do, however, also depend on wavelength. Therefore, one can easily de- 
fine the spectral densities of the various radiometric quantities. As an example, 
Figure 1.14 illustrates the relation between radiant power @ and its spectral den- 
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P, (W pm’) 


Wavelength (um) 


Table 1.3 Overview of important radiometric quantities. 


P= Í oda 
0 


Figure 1.14 Relation between radiant 
power © and its spectral density: The to- 
tal radiant power © (red area) is found by 
summing up the contribution of , (blue 
curve) over the whole wavelength range. 


Name 


Energy flux or 
radiant power 


Excitance 


Irradiance 


Radiant intensity 
Radiance 


Spectral density 
X, of any cho- 
sen radiometric 
quantity X 


Symbol 


oo) 


M 


Unit 
Ww 


Wm? 


Wm? 


W (sr)7! 
W (m? sr)7! 
(unit of X) (um)! or 


(unit of X) (nm)~! or 
(unit of X) m7! 


Definition 


Emission of energy per time in 
hemisphere 

_d@® 

~ dA 
dA: emitting surface, into hemi- 
sphere 


dA: receiving surface, from hemi- 
sphere 
d@ 
I= — 
dQ 
_ go 
~ cosôdQ dA 
dX 


“ï= 


sity D). 


(1.7) 


Similar relations hold for all other radiometric quantities (Table 1.3). The exci- 
tance, that is, emissive power, would then be called, for example, spectral excitance 


or spectral emissive power. 


1.3.1.3 Solid Angles 
Most often, surfaces of objects do emit radiation, but not uniformly in the hemi- 
sphere. To account for this directionality of emitted radiation, we must introduce 
angles in three-dimensional coordinate systems and the concept of the solid angle. 
Figure 1.15a depicts the geometry: the emitting area is located in the x-y plane, 
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Zenith angle: 
ô = 0°-180° 


(b) 


Figure 1.15 (a) Definition of angles in space and visualization of solid angle, which, (b) at a 
given distance from the surface, is related to the area dA,,,,, which is normal to the chosen 
direction. 


nor’ 


that is, the z-axis is perpendicular to the area. Then, any direction in space (bro- 
ken arrow) can be defined by two angles, the azimuth angle ø, which is measured 
from the x-axis to the projection line of the chosen direction onto the x-y plane, 
and the zenith angle ô. 

Usually, the direction itself is not important; rather, radiation is emitted toward 
a detector of a given surface area. For simplicity we assume an area dA por that is 
oriented perpendicular to the chosen direction at a distance R froma chosen point 
on the emitting surface. The area can be characterized by the small increments of 
angles dg and dô, as shown in Figure 1.15b. This leads to the definition of the 
solid angle element dQ (for details, see textbooks on mathematics): 

dA 


nor 
2 (1.8) 


dQ(6, p) = sin ô - dô - do = 


The unit of solid angle is the steradian (sr), similar to the radian (rad) for the 
planar angle. The full solid angle is 41. Using ô, p, and dQ(ô, p), any emission of 
radiation in any given direction can be characterized using the quantities radiant 
intensity and radiance. 


1.3.1.4 Radiant Intensity, Radiance, and Lambertian Emitters 

The radiant intensity J is the radiant power that is emitted from a point source of 
a radiating object into a solid angle element dQ in a given direction, character- 
ized by (ô, p). Mathematically it is given by J = d®/ dQ, with unit watt/steradian 
(W sr7?). 

Radiant intensity (which, by the way, is the only quantity in optics where in- 
tensity is properly defined [28]) is related to the most often used quantity in ra- 
diometry, the radiance L. Radiance is used to characterize extended sources. It is 
defined as the amount of radiant power per unit of projected source area and per 
unit solid angle: 


oO 


= ; 20 = 
L= dak? ie, d°O=LcosddQdA (1.9a) 
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Figure 1.16 Fora given direction, only the projec- 
tion dA - cos 6 can be seen from the emitting area 


Direction 
of emission 


The significance of this slightly more complicated definition of radiance may 
become obvious if Eq. (1.9a) is written in such a way as to calculate the total radiant 
power from the radiance: 


ð = [r cossao dA (1.9b) 


The total radiant power results from summing up radiance contributions over 
the area and solid angle of the hemisphere. If only integration over a solid angle is 
done, one ends up with the excitance: 


M= — = | Lcosd dQ (1.10a) 


hemisphere 
whereas only integration over a surface area results in radiant intensity: 


dø 
I= aa | LcosédA (1.10b) 


source area 


The geometrical factor cos 6 can be easily understood from Figure 1.16. Any 
emitting surface area dA is observed to be largest for a direction that is perpen- 
dicular to the surface. For any other direction, only the projection of dA perpen- 
dicular to it can contribute to the emitted radiation. 

Hence, radiance is a measure of the radiant power of an emitter with surface 
area dA that passes through a surface that is normal to the emission direction. 
Since this surface defines a solid angle in this direction, radiance is a true measure 
of the amount of radiation that is emitted in a certain direction and per unit solid 
angle. 

Asummary of important radiometric quantities is listed in Table 1.3. SI units are 
used; however, for the spectral densities the wavelength interval is often given in 
micrometers or nanometers. This helps to avoid misinterpretations. Consider, for 
example, the spectral density of the excitance, which is the total radiant power per 
area and wavelength interval. Its unit can be expressed as W (m? um)! or also as 
W m`. The first choice is much better since it avoids any misunderstanding. For 
example, a quantity with unit W m~? could be wrongly interpreted as the power 
density per volume. 

The difference between radiant intensity and radiance will become most obvi- 
ous for so-called Lambertian radiators (after J.H. Lambert, an eighteenth-century 
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Figure 1.17 Lambertian radiators have constant radiance, but the radiant intensity depends 
on the direction of emission. 


scientist who made significant contributions to the field of photometry). A Lam- 
bertian radiator is one that emits or reflects a radiance that is independent of an- 
gle, that is, it emits uniformly into the hemisphere. Lambertian radiators are theo- 
retical constructs that can be approximated in the real world by blackbody sources 
(Section 1.4.6) or perfect diffusely scattering surfaces. In this case, L = constant 
and I = L - A - cos ô = Tọ » cos ô. This angular dependence of radiant intensity and 
radiance is schematically depicted in Figure 1.17. 

Why is constant radiance important? As stated earlier, radiance describes the 
amount of radiation emitted by an emitting area in a given direction and per unit 
solid angle; therefore, a Lambertian source appears to emit equal amounts of radi- 
ation in every direction. A typical example of such behavior is known from visual 
optics. Diffusely scattering surfaces like, for example, a tapestry, reflect the same 
amount of radiation in every direction. This means that, visually, the illuminated 
surface has the same brightness irrespective of the direction of observation. Sim- 
ilarly, IR cameras detect radiance from objects since the area of the camera lenses 
defines the solid angle, which is used for detection in the direction of the camera. 
If an object emits like a Lambertian source, the detected IR radiation will there- 
fore be independent of the direction of observation. More practically speaking, 
the detected radiation relates to the temperature of an object. Therefore, a Lam- 
bertian source observed with an IR camera will appear to have the same tempera- 
ture irrespective of the observation direction — which is, of course, a prerequisite 
for useful and accurate temperature measurements. Conclusion: objects studied 
with IR cameras should ideally behave like Lambertian sources; otherwise, com- 
plicated angle-dependent corrections would be needed. 

For Lambertian surfaces, the relation between the excitance M and radiance 
L of a surface is given simply by M = mL. This also holds for the corresponding 
spectral densities, that is, in general, the excitance of Lambertian radiators equals 
m times their radiance. A summary of properties of Lambertian radiators is given 
in Table 1.4. 


Table 1.4 Some relations holding for Lambertian radiators or reflectors. 


Radiance L = constant Isotropic 


Radiant intensity I = Ig cos ô ô angle of direction to 
surface normal 


Relation of excitance to radiance M=n- L; MA)=n- LÀ) 
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Distance r 


dA; 


Figure 1.18 Geometry for radiation transfer between two surfaces dA, and dA). 


1.3.1.5 Radiation Transfer between Surfaces: Fundamental Law of Radiometry and 
View Factor 
The concept of radiance helps to formulate radiation exchange between two sur- 
faces. This will become important later when we discuss practical examples such 
as building thermography, where neighboring buildings or objects have a signif- 
icant influence on the measured surface temperature of a wall or a roof (Sec- 
tion 7.4). The basic relations are introduced here. 

Consider two surface area elements, dA, and dA,, that are arbitrarily posi- 
tioned and oriented in space (Figure 1.18). 

According to Eq. (1.9a), the radiant power d’@ that is emitted by area dA} and 
intercepted by dA, can be written 


d’?® = L; cos ô; dA, dQ, (1.11) 


where L, is the radiance from dA,, and dQ, is the solid angle under which dA, 
is seen from dA}. The latter is given by (cos ô) dA,/r’, which leads to the funda- 
mental law of radiometry: 

_ L,cosd, 


5 
AOUE dA, dA, (1.12) 
T 


d’ oO 


The radiant power that is emitted by dA, and received by dA, depends on the 
distance and relative orientation of the two areas with respect to the connecting 
line. Equation 1.12 makes it possible to calculate the portion of the total radiant 
power of a finite area A, of an emitting object that is incident on a finite area A, 
of a receiving object (Figure 1.19). 

From Eq. (1.12), the total radiant power ®,, from area A, that is incident on 
area A, is given by 


cos ô} cos 6 
p = L ] —— — dA, dA, (1.13) 
r 
Ay,Ay 
Since the total radiant power ®, that is emitted by A, into the hemisphere can 
be computed to be ®, = mL, A), one needs to find the portion of ®, that is inter- 
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Distance r 


Figure 1.19 Geometry for definition of view factor. For simplicity, areas A, and A, are plotted 
as planar, but any kind of arbitrarily curved surface would also work. 


sected by A,, the so-called view factor: 


D 5, cos ô 
Poe ] ee dA, dA, (1.14a) 


Aj,Ay 


Similarly, one may define the view factor F,, that describes the portion of ®, 
that is intersected by A,. From these definitions it follows that 


A, Fp = AF (1.14b) 


For any practical situation, one usually deals with at least two objects (the ob- 
ject under study and the IR camera itself) at different temperatures; hence, view 
factors will be used to help analyze the total net energy flux from an object to 
an IR camera. We return to the topic of view factors when discussing radiation 
exchange between objects (Section 7.4.4). 


1.3.2 
Blackbody Radiation 


1.3.2.1 Definition 

On the basis of fundamental physics, every object at any given absolute tempera- 
ture above 0 K emits radiation. The maximum radiant power that can be emitted 
by any object depends only on the temperature of the object. Therefore, this emit- 
ted radiation is called thermal radiation. For real bodies, an additional material 
property, the emissivity, comes into play (Section 1.4). 

In this section, we only deal with perfect emitters (see also Section 1.4.5) of 
thermal radiation, that is, those that emit the maximum radiant power. These 
are called blackbodies. Blackbodies resemble ideal surfaces having the following 
properties [20]: 


1. A blackbody absorbs all incident radiation, regardless of wavelength and di- 
rection. 

2. For a given temperature and wavelength, no surface can emit more energy 
than a blackbody. 
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(a) (b) 


Figure 1.20 A shoebox-like container, made of black cardboard with a small hole and a lid 
(a) resembles a cavity. Similar cavities are used as blackbody sources. The hole looks very black 
in the VIS, nicely illustrating the name blackbody (b). 


3. Radiation emitted by a blackbody depends on wavelength; however, its radi- 
ance does not depend on direction, that is, it behaves like a Lambertian radi- 
ator. 


As perfect absorbers and emitters, blackbodies serve as standards in radiome- 
try. 

Experimentally, the most simple commercial blackbodies are cavities whose 
walls are kept at constant temperature. The notion of black (as defined by prop- 
erty 1) can easily be understood from an optical analog in the visible spectral 
range. If one observes a distant building with an open window, the inner part of 
the window looks black indeed. A small box, preferably with inner black surfaces, 
with a small hole serves the same purpose (Figure 1.20). 


1.3.2.2 Planck Distribution Function for Blackbody Radiation 

Very precise spectral measurements of thermal radiation of cavities, that is, exper- 
imental blackbodies, existed by the end of the nineteenth century. However, it was 
not before 1900, when Max Planck introduced his famous concept of the Planck 
constant h, that measured spectra could be satisfactorily explained. Planck’s the- 
ory was based on thermodynamics, but with the quantum nature of the emission 
and absorption of radiation, he introduced a totally new concept not only in the 
theory of blackbody radiation but in the whole world of physics. In modern lan- 
guage, the spectral excitance, that is, total radiant power into the hemisphere, of a 
blackbody of given temperature T in wavelength interval (A, A + d4) can be writ- 
ten as 


2 

M,(T) dA = me ar da (1.15) 

The corresponding radiance is L,(T) = M,(T)/n. Here, h = 6.626 - 107° J s is 

Planck’s constant, c = 2.998 - 108 ms“! is the speed of light in a vacuum, A is the 

wavelength of the radiation, and T is the absolute temperature of the blackbody 

given in Kelvin. The currently accepted values for the fundamental physical con- 
stants such as c, h, and others can be found on the NIST web site [29]. 
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Figure 1.21 Radiance of blackbodies of temperatures between -20 and 1000°C. Radiance is 
given in the same arbitrary units for (a) and (b). 


Figure 1.21 depicts a series of blackbody spectra for various temperatures. The 
spectra refer to either radiance or excitance (the scale has arbitrary units; for ab- 
solute values see Figure 1.22). They have several characteristic features: 


1. Incontrast to emission from spectral lamps, these spectra are continuous. 
For any fixed wavelength, radiance increases with temperature (i.e., spectra of 
a different temperature never cross each other). 

3. The spectral region of emission depends on temperature. Low temperatures 
lead to longer wavelengths, high temperatures to shorter wavelength emission. 


The wavelength of peak transmission in this representation is found by locating 
the maximum via the condition dM,(T)/dA = 0. This leads to Wien’s displace- 
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ment law: 


Amax T = 2897.8 pmK (1.16) 


max 


For blackbodies at 300, 1000, and 6000 K, maximum emission occurs around 10, 
3, and 0.5 um, respectively. The first case resembles environmental radiation, the 
second, for example, a hot plate from an electric stove, and the third, the apparent 
average temperature of the outer layers of the Sun. From daily experience, hot 
plates start to glow red because the short-wavelength part of the thermal emission 
enters the red part of the visible spectrum. Radiation from the Sun appears white 
to us since it peaks in the middle of the visible spectrum. 


1.3.2.3 Different Representations of Planck’s Law 
Besides the usual textbook representation of Planck’s law in terms of radiance or 
excitance as a function of wavelength (Eq. (1.15)), other equations can be found 
illustrating the same phenomenon. Many spectrometers that are used to measure 
the spectra of blackbody radiation measure, for example, signals as a function of 
frequency v = c/A (in Hz) or wavenumber 7 = 1/4 (in cm7!). The corresponding 
representation of spectra reveals important differences compared to the wave- 
length representation. For example, Eq. (1.17) gives the frequency distribution of 
blackbody radiation: 
2nhv? 1 
MAT) dv = ren ay (1.17) 
Figure 1.22 compares a set of blackbody spectra in terms of excitance (i.e., spec- 
tral emissive power) as a function of wavelength M} dA and as a function of fre- 
quency M, dv in double log plots. Similar to Wien’s displacement law for wave- 
length (Eq. (1.16)), a displacement law also exists for the frequency representation: 


Vv 
a = 5.8785 - 10'° Hz/K (1.18) 


A note of caution: obviously the two representations have their peaks at differ- 
ent parts of the spectrum at the same temperature since the distribution functions 
include dA and dv, which are related via a nonlinear equation [30]. For example, 
M, da for T = 5800 K peaks in the VIS range at 500 nm, whereas M, dv peaks at 
3.41 - 10! Hz, which, according to c = vA, corresponds to a wavelength of 880 nm. 
This behavior is a consequence of using distribution functions. One needs to be 
very careful when arguing about the maxima of Planck blackbody spectra. The 
position of a maximum actually depends on the chosen representation. For IR 
cameras, this has no effect, of course, since we are always interested in the total 
radiant power within a certain spectral interval; and, of course, in the total radi- 
ant power within a certain spectral range, for example, the VIS for T = 5800 K 
(or the range 8—14 um for 300 K radiation or any other range) is the same in both 
representations. 

Blackbody radiation is one of the few topics that have inspired several Nobel 
Prizes in physics. First, Wilhelm Wien received the prize in 1911 for his work 
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Figure 1.22 (a,b) Comparison of two repre- of the variable. The dotted line in the wave- 
sentations of Planck’s law for blackbody radia- length representation (a) gives the position of 
tion. The maxima of the curves lie at different the maxima according to Wien’s displacement 
spectral positions, depending on the choice law. 


on thermal radiation, although it was Max Planck who finally solved the theo- 
retical puzzle of correctly describing blackbody radiation. Nevertheless, Planck 
received the prize in 1918 for his general concept of the quantum nature of radia- 
tion, which had consequences reaching far beyond thermal radiation in the entire 
field of physics. The third prize in this field was awarded in 2006 to George Smoot 
and John Mather. They succeeded in recording the most famous blackbody radi- 
ation spectrum in astrophysics. This spectrum of cosmic background radiation is 
thought to resemble a kind of echo of the Big Bang of our Universe. It was recorded 
in the early 1990s by the NASA satellite COBE. Figure 1.23 depicts the results of 
this spectrum, which can be fitted with very high accuracy to a Planck function 
of temperature 2.728(+0.002) K. 
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Figure 1.23 Cosmic ray background spectrum measured with COBE satellite. The theoretical 
fit refers to T = 2.728 K (Courtesy NASA). 


Usually, only part of the spectrum of blackbody radiation is utilized in IR imag- 
ing. In the following two subsections, we deal with the total amount of radiation 
within certain spectral limits. The Stefan—Boltzmann law deals with the whole 
spectrum, extending from zero to infinity, whereas band emission is slightly more 
complicated. 


1.3.2.4 Stefan-Boltzmann Law 
The excitance of a blackbody source is calculated from 


M(T) = [mo dì = [Ma =0T* (1.19) 
0 0 


Here, o = 5.67 - 1078 W m~? K~ denotes the Stefan—Boltzmann constant. 

The area under the spectral excitance (spectral emissive power) curve (Fig- 
ure 1.24) gives the excitance (emissive power), which depends exclusively on the 
temperature of the blackbody. Hence, the total radiance associated with black- 
body radiation is M/m. In astrophysics, the Stefan—Boltzmann law is used to cal- 
culate the total energy production of stars, for example, of the sun, from its known 
surface area and surface temperature. 


1.3.2.5 Band Emission 

In IR imaging, one never detects radiation of the whole spectrum, but rather the 
radiation in a predefined spectral range, which is determined by the detector and 
material properties of the optics and the atmosphere. Unfortunately, the integral 
of Eq. (1.19) does not have analytical solutions for arbitrary values of lower and 
upper limits. To simplify the results, one defines a blackbody radiation function 
Fo, as the fraction of blackbody radiation in the interval from 0 to 4, compared 


1.3 Radiometry and Thermal Radiation 


M, (W (m?-um)*) 


Wavelength (um) 


Figure 1.24 Visualization of Stefan-Boltzmann law. 
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Figure 1.25 Definition of blackbody function: fraction of emitted excitance in spectral band 
(see text for details). 


to the total emission from 0 to oo (Figure 1.25): 


[i my, da 


F, = 
(01) œ 
Jo My da 


(1.20) 

We note that, unfortunately, view factors F;; and this blackbody radiation func- 
tion F_,,) are denoted by the same letter F, the only difference being the sub- 
scripts. The context of the two quantities is, however, quite different and can be 
easily guessed from the subscripts. We therefore adopt this general similar nota- 
tion for both. 

The mathematical analysis shows that the integrand only depends on the pa- 
rameter À - T; therefore, integrals can be evaluated numerically for this parameter, 
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Figure 1.26 Fraction F,_,,) of excitance of blackbody radiation in wavelength interval O—A 
as function of AT (a) and how it can be used to estimate the fraction Foa) in a wavelength 
interval A,—A, (b). 


and hence, Fo) is tabulated as a function of AT (e.g., [20]). Figure 1.26a depicts 
the corresponding results. 

Obviously, the function F_,,, can be easily used to calculate the fraction of 
blackbody radiation in an arbitrary wavelength interval (44, A3): 


Fa) = Fo=1,) 7 fos (1.21) 


Figure 1.26b illustrates an example of how quick graphical estimates of Fy, _,),) 
are possible for T = 500 K and a wavelength range between 8 and 14 um. In gen- 
eral, a given temperature and wavelength range 1, > 4, defines A - T values (ver- 
tical broken lines). They intercept the F(0, A) curve at two specific values. Their 
difference (the distance between the horizontal broken lines) gives Fi, _,.,,). 

We present three examples for object temperatures of 300, 500, and 2800 K (Ta- 
ble 1.5). The fraction of blackbody radiation within the hemisphere of an object of 
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Table 1.5 Examples of band emission. 


Range VIS SW MW LW 

T Fy 380.78 um Foo-17 um F3_5 um Fg—14um 
300K x 107? ~ 3-107? z 1.3- 107? zx 37.6 - 107? 
500K x 107! ~4-10-° zx 14.9 - 107? zx 32.7 - 107? 

2800 K z 9.9 - 107? zx 43.6 - 107? ~ 9.2- 107? x 0.84 - 107? 


500 K in the LW wavelength interval is approximately 32.7%, but only 14.9% in the 
MW range. A very hot object, for example, a filament of a light bulb at a temper- 
ature of 2800 K, leads to a fraction of approximately 10.0% in the VIS wavelength 
interval, more than 43% in the SW infrared, and, similarly, approximately 9.2% in 
the MW range and less than 1% in the LW. 

More examples of band emission and detection and further relevant radiomet- 
ric quantities for complete IR camera systems will be discussed in Section 2.3.2. 


1.3.2.6 Order-of-Magnitude Estimate of Detector Sensitivities of IR Cameras 
Usually, blackbody radiators are used to calibrate IR cameras (Chapter 2). Using 
the concepts of radiometry and the laws of blackbody radiation, we can estimate 
the typical order of magnitude for the sensitivity of thermal radiation detectors, 
that is, how many watts of input power on a detector element are needed to de- 
tect, for example, a 1 K temperature difference between two objects. Consider, for 
example, a blackbody radiator of temperature Tgp at a distance of R = 1 min front 
ofa LW IR camera at ambient temperature T,,,,,. The blackbody radiator has a cir- 
cular shape and diameter 27,3 = 5 cm, and the front lens of the IR camera should 
also have a diameter of 2r,,,, = 5 cm. The camera detects radiation in the spectral 
range from 8 to 14 um. 

The total radiant power that is incident on the camera from the object is given 
by Eq. (1.11): 


d’® = L, cos ô dA, dQ, 


Here, cos 6, ~ 1, the integral over the blackbody area gives A, = mr3,, L, = 
Mgp/n, and dQ, = nr? m/R Therefore the spectrally integrated radiant power 


incident on the camera is given by 


foe g Fain “Tt 
DBB>cam = Mgp(Tp3)— p (1.22) 


Of course, there is also a similar radiant power emitted from the detector toward 
the blackbody source; however, the corresponding contributions to Ø due to the 
detector temperature cancel since we are dealing only with changes in radiant 
power with object temperature. Therefore, this argument should also hold for all 
detector types (cooled as well as room-temperature ones). 
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In the following numerical example, we consider a LW camera system (a similar 
calculation can also be done for a MW or SW system). The emitted energy flux 
from a blackbody of temperature Tp, in the detector wavelength range is given 


14 um 
2 
© _ TBB ‘Team T Mop(Tap) dA 1.23 
BB>cam 7 O Ro BBC BB) ( ° ) 
8 um 


The integral is given by Fy, apa T*. Any further calculation requires numerical 
temperature values. For simplicity, let us assume Tggı = 303 K, Tgp. = 302 K, since 
most detector sensitivities are rated at T = 30°C. The integral values can be easily 
derived from Fy, _,),). For 303 and 302 K, they are very similar (0.378 and 0.377); 
therefore a single value of 0.38 is assumed. 

In this case, the difference in incident radiative power for a variation from 303 
to 302 K of the blackbody temperature is given by 
2° gy 


r r 


BB cam ` H A, 4 
AD ah, 8 (Tiei — The) (1.24) 


Inserting the preceding values, we find A®/AT = 2.9- 10-6 WK"! (the total 
radiative power Op, (8-14 um) due to a blackbody of 303 K is about 2.2 - 1074 W). 

A typical standard lens of an IR camera has an acceptance angle of 24°. At a dis- 
tance of 1 m, the blackbody source will only occupy an angular diameter of 2.86°. 
If 24° corresponds to the 320 pixel width of the detector, the blackbody source will 
be imaged on an angular diameter of about 38 pixels, corresponding to a circular 
area with about 1140 pixels. This means that each pixel will receive on average a 
difference in radiant power of 2.54 nW K-71. 

These numbers are probably still a factor of at least 3 too large since, first, part of 
the radiation may be attenuated within the atmosphere on its way from the source 
to the camera (Section 1.5.2), second, the camera optics has a transmission smaller 
than 100%, and third, the active detector area is only about 50% of the complete 
pixel area. As a final result, one may expect values on the order of 1 nW K~ for the 
difference in radiative power received by each detector pixel for a 1 K difference. 
For a camera with the same 24° optics, but a 640 pixel width of the detector, values 
would be smaller by a factor of 4. We return to this estimate when discussing 
detectors and relate it to the noise-equivalent temperatures (Section 2.2.2). 

One may gain confidence in this kind of estimate by similarly deriving the solar 
constant, that is, the total radiant flux onto an area of 1 m? outside of the (attenu- 
ating) atmosphere of the earth. Starting again with Eq. (1.11) and using A, = nr? 


sun’ 


L, =M,/n, and dQ, =1m?/R? pea We find 
pal 
Deolar constant = Meg 7 sind 5 ~~~ (1.25) 
sun-—earth 


sun = 6.96-10°km, Roun earth = 149.6:10°km, and T = 5800K gives 
= 1390 Wm, which, considering that the sun is not a true blackbody emit- 
ter, is a very good approximation for the solar constant. 


r 
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1.4 
Emissivity 


1.4.1 
Definition 


Blackbodies are idealizations, and no real object can emit the maximum thermal 
radiation at a given temperature. The real emission of thermal radiation from any 
object can, however, be easily computed by multiplying the blackbody radiation 
by a quantity that describes the influence of the object under study, the emissivity 
g. In other words: the emissivity of an object is the ratio of the amount of radia- 
tion actually emitted from the surface to that emitted by a blackbody at the same 
temperature. 

Differing definitions of emissivity are possible (Eq. 1.26), depending on which 
quantity is used to describe the radiation. In radiometry, four definitions are used 
based on radiance L and excitance M. The relevant radiometric quantities are 
(i) spectral directional emissivity, (ii) spectral hemispherical emissivity, (iii) total 
directional emissivity, and (iv) total hemispherical emissivity. 

They are defined as follows: 

Spectral directional emissivity (L, spectral radiance) 


LQ, 6, $, T) 


EQ, ô, Q, T) = L A T) 
BBV™? 


(1.26a) 


Spectral hemispherical emissivity, directionally averaged (M, spectral excitance): 


M(, T) 


eV, T) = Ma0, T) 


with M = | Lcosd dQ (1.26b) 


hemisphere 
Total directional emissivity (wavelength averaged): 


L, ġ, T 
e(ô, $, T) = ArT (1.26c) 


Total hemispherical emissivity (wavelength and direction averaged): 


ary- MO MD) 


sa Gr (1.26d) 


Unfortunately, none of these definitions refers to the required conditions for 
practical IR imaging, where one first usually deals with objects that are observed 
near normal incidence or at small angles. Hence, a directional quantity, averaged 
over the desired angular range, is needed. Second, IR cameras operate at prede- 
fined wavelength ranges. Obviously, the required emissivity needs to be averaged 
over the desired wavelength range. Symbolically, we need an emissivity £ (AJ, 
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AQ, T). In practice, mostly the directional, near-normal emissivity is used, which 
is furthermore assumed to be independent of wavelength and temperature. We 
will return to the consequences of this for practical work at the end of this chap- 
ter. 


1.4.2 
Classification of Objects according to Emissivity 


From the definition of emissivity it is clear that 0 < e < 1. Figure 1.27 illustrates 
spectral hemispherical emissivities and corresponding spectra of emissions of 
thermal radiation at given temperatures first for a blackbody, second for a so- 
called gray body with constant € value, that is, e is independent of wavelength, 
and third for a so-called selective emitter where e varies as a function of wave- 
length. 

For most practical applications in thermography, £ is independant of wave- 
length resembling a gray body. Whenever substances are studied that have ab- 
sorption and emission bands in the thermal IR spectral range, for example, gases 
or plastic foils, one must deal with selective emitters, which may complicate the 
quantitative analysis. 


1.4.3 
Emissivity and Kirchhoff’s Law 


The emissivity can be guessed from Kirchhoff’s law (e.g., [20, 31]), which states 
that the amount of radiation absorbed by any object is equal to the amount of 
radiation that is emitted by this object. This is usually written in the form 


E=a (1.27) 


where e and the so-called absorptivity a denote the fraction of radiation that is 
either emitted or absorbed. Energy conservation requires that any radiation (®)) 
incident on any object must be reflected (Øp) (whether it is directed according to 
the law of reflection or diffusely scattered from rough surfaces), transmitted (®-) 
through the object, or absorbed (®,) within the object: 


Dy = Og + Op + Dy (1.28a) 


Considering the fraction of the incident radiation (e.g., in excitance or radiance), 
this law reads 


1=R+T+a (1.28b) 


where R and T denote the fraction of radiation that is either reflected or trans- 
mitted. Combining Eqs. (1.27) and (1.28b) allows for estimates of the emissivity e. 
The simplest examples are opaque solids with T = 0. In this case, 


e=1-R (1.29) 
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Figure 1.27 Spectral hemispherical emissivities (a) and corresponding thermal radiation 
(b) spectra for blackbodies, gray bodies, and arbitrary selective emitters. 


that is, the emissivity follows directly from known values for the total reflectivity. 
It is important to note that R includes not only directed reflectivity (Figure 1.9), 
as is usual for polished surfaces, but also diffuse reflectivity (Figure 1.11), which 
additionally occurs for rough surfaces. Equation 1.29 makes it possible to guess 
g values. For example, glass, which is more or less opaque in the IR with reflec- 
tivities in the IR range of a small percentage, will have emissivities of € > 0.95. In 
contrast, metals with high reflectivities above 90% will have emissivities below 0.1. 
Some very well-polished metal surfaces can have the lowest possible emissivities 
of order 0.01, which practically render IR imaging impossible. 
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Table 1.6 Parameters that affect emissivity €. 


Intrinsic object properties Variations due to other parameters 
Material (e.g., metal, insulator) Regular geometry (e.g., grooves, cavities) 
Surface structure (rough/polished) Wavelength (e.g., LW/MW/SW) 
Observation direction (viewing angle) Temperature (e.g., phase changes) 

1.4.4 


Parameters Affecting Emissivity Values 


As a material property, the emissivity depends on the following parameters (Ta- 
ble 1.6). 


1.4.4.1 Material 

The major parameter is the kind of material. Depending on the measurement 
techniques used, averages are taken over certain angular and spectral ranges as 
is useful in thermography. In a simplified classification, one can separately dis- 
cuss nonmetals and metals, because — fortunately — most nonmetallic materials 
that are needed for practical thermography applications like skin, paper, paints, 
stones, glass, and so on are gray emitters and have fairly high emissivity values of 
above 0.8. In contrast, metals and, in particular, polished metals pose problems 
owing to their often very low emissivities with values below 0.2. 


1.4.4.2 Irregular Surface Structure 

For any given material, the emissivity may vary considerably as a result of the 
surface structure. This leads to the unfavorable situation where, for the same ma- 
terial, many different values for emissivity are reported. This effect is most pro- 
nounced for metals. Whereas some polished metals can reach values of £ as low 
as 0.02, the emissivity can be much larger and even reach values above 0.8 if 
the surfaces are roughened. The highest values for originally metallic parts are 
found where the surfaces are modified via oxidation/corrosion over the course 
of time. Imagine, for example, a metallic bolt of an electrical connection that is 
operated for many years while being exposed to the elements, oxygen from the 
air, water from rain, and so on. A value as high as 0.78 has been reported for 
strongly oxidized Cu and 0.90 for some steel compounds owing to such chem- 
ical modifications of the surface. This factor is most important for any inspec- 
tion of, for example, bolts, nuts, electrical clamps, and similar parts in electrical 
components since a thermographer must have criteria for determining whether 
a components fails or passes. Therefore, a quantitative analysis is necessary, that 
is, one must know the exact temperature difference of these components com- 
pared to their surroundings of known emissivity, and the measured temperature 
will very strongly depend on the actual value of emissivity. 
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To illustrate the effect of material as well as surface structure on emissivity, we 
used a so-called Leslie cube. This is a hollow copper metal cube (with a side length 
of around 10 cm) whose side faces are treated in different ways. One side is covered 
with a white paint, one with black paint, one is not covered but just resembles 
polished copper, and the fourth side consists of roughened copper. 

The cube is placed on some Styrofoam as thermal insulation and then filled 
with hot water. Owing to the good thermal conductivity of the metal, all the side 
faces of the cube will quickly have the same temperature. The emission of thermal 
radiation by each side face can easily be analyzed with an IR camera. Figure 1.28 
depicts some results (for details of how temperatures are calculated within the 
used LW camera, see Section 2.3). 

For the two painted side faces, the chosen e value of 0.96 produced more or less 
the correct temperature (as can be verified by a contact probe). The rough cop- 
per surface had much less emission of thermal radiation and the polished copper 
surface even less. Using the camera software, one can adjust the emissivity values 
such that the copper surfaces also give the correct value of the wall temperatures. 
For our example we find emissivities of the polished copper surface to be around 
0.03 and of the roughened copper surface to be about 0.11. 

Figure 1.28 illustrates one way of finding correct values for emissivities: measure 
object temperatures with a contact probe, then adjust the emissivity in the camera 
until the camera shows the correct temperature reading (assuming, of course, that 
all other camera parameters are chosen correctly; see Section 2.3). 


1.4.4.3 Viewing Angle 

We have defined emissivity as the ratio of the amount of radiation actually emitted 
from a surface to that emitted by a blackbody at the same temperature. In partic- 
ular, the spectral directional emissivity (Eq. 1.26a) is the ratio of the radiance of 
the radiation, emitted at given wavelength J and in a direction defined by the two 
angles ô and ọ (Figure 1.15), to the radiance emitted by a blackbody at the same 
temperature and wavelength. 

Blackbodies behave like perfect isotropic emitters, that is, the radiance of any 
emitted radiation is independent of the direction in which it is emitted (compare 
the discussion of Lambertian radiators, Figure 1.17). Unfortunately, any real sur- 
face shows a different behavior, that is, its radiance shows variations depending 
on the direction of emission. This is schematically illustrated in Figure 1.29. In 
addition to the fact that any real surface emits less radiation than a blackbody 
at the same temperature (left side: red solid line), the radiance from a real gray 
object usually also depends on the angle of emission. In Figure 1.29, this mani- 
fests itself as a deviation between the real radiance (right side: solid blue line) and 
the Lambertian behavior of a gray object (right side: red broken line). Azimuthal 
symmetry is assumed in Figure 1.29, hence only the angle ô is shown. 

This behavior can strongly affect any contactless temperature measurement us- 
ing IR cameras, since an object that is observed from a direction normal to its 
surface (ô = 0°) will emit more radiation than when observed at oblique angles. 
This means that the emissivity depends on the angle of observation with respect 
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Figure 1.28 (a,b) Leslie cube, filled with hot white paint (T = 84.3 °C). (b) Black paint 
water and viewed at an angle of 45° with re- (T = 83.4°C), roughened copper (T = 29.3 °C). 
spect to the side faces. The emissivity of the The knob on top is a stirrer for reaching ther- 
whole image was set to € = 0.96, resulting mal equilibrium faster. (c) Visible image of 

in the following temperature readings (left such a cube. 

to right). (a) Polished copper (T = 22.6°C), 
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Figure 1.29 Schematic illustration of angle- 
independent radiance for blackbodies 
(left/red) and directionally dependent ra- 
diance of real surfaces (right side/blue). 


Real surface 
radiance 


Blackbody ` 
radiance 


Emitting area 
to the surface normal. Fortunately, many measurements have been performed and 


a wide variety of materials has been studied in relation to their directional emis- 
sivities. A typical setup for such an experiment is shown in Figure 1.30a. 
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Figure 1.30 A Leslie cube with a painted side 
face (high emissivity) was used as object to 
measure the directional emissivity (averaged 
in the LW range) as a function of the view- 
ing angle from 0 to 85° with respect to the 
surface normal. The cube was rotated with 


respect to the camera (a) and temperatures 
recorded. (b) The emissivity as a function of 
the viewing angle was then found by varying 
the emissivity in the camera software until the 
temperature readings of the rotated side face 
gave correct values. 
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: Figure 1.31 Overview of typical directional de- 
Blackbody pendence of emissivities of nonconductors and 


: conductor with respect to blackbodies. 


Conductor l 


0 45 90 
Angle 6 (°) 


An angular scale from 0 to 180° is attached to a table with 90° pointing to the IR 
camera. The (warm or hot) object to be studied is placed on top of the scale with 
its surface normal facing 90°, that is, the IR camera. Then measurements of the 
emitted radiation are recorded as a function of the angle while rotating the object. 
In Figure 1.30b, we show an example for the white paint side of a Leslie cube 
that was filled with hot water. The actual surface temperature can be measured 
by contact thermometry, which gives the correct value of the normal-direction 
emissivity. The angle-dependent values are found by changing the emissivity value 
in the camera software until the real temperature is shown (for details of signal 
processing in the camera, see Chapter 2). Another experiment on e(ô) is discussed 
in Section 5.5.5. 

Figure 1.30b nicely demonstrates an effect that fortunately holds for nearly all 
practically important surfaces: the emissivity is nearly constant from the normal 
direction 0° to at least 40° or 45°. The behavior at larger angles differs for metallic 
and nonmetallic materials (Figure 1.31). For nonconductors, one observes a char- 
acteristic drop of e for larger angles, whereas metallic surfaces usually show first 
an increase toward larger angles before decreasing again at grazing incidence [7, 
20, 32]. 

Neglecting diffuse reflections for the moment, this behavior can already be un- 
derstood from the characteristic properties of directed reflection for different po- 
larizations of radiation. Figure 1.32 schematically depicts plots for the portion R 
of directly reflected radiation in the IR spectral region for nonmetals and metals 
with polished surfaces (similar to Figure 1.12) as a function of the angle of inci- 
dence. 

The directed reflectivity depends on the polarization of the radiation. Unpo- 
larized radiation is characterized by the broken line, which represents the aver- 
age of both polarizations. Obviously, the reflectivity for nonconductors exhibits 
a monotonous increase with angle of incidence, whereas metals show first an de- 
crease before increasing again at larger angles. This characteristic feature (which 
can be explained theoretically by the Fresnel equations) explains the observed 
angular plots of emissivity, since € = 1 — R for opaque materials according to 
Eq. (1.29). However, we also note that most metallic objects have rough surfaces, 
which induce additional contributions to the emissivity and which can also induce 
changes in the observed angular distributions. 
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Figure 1.32 Schematic plot of reflectivities of polarized and unpolarized IR radiation of metals 
(a) and nonmetals (b) as a function of the angle of incidence. 


1.4.4.4 Regular Geometry Effects 

The geometry of a surface is related to the surface structure; however, in contrast 
to irregular surface roughness (Section 1.4.4.2), here we refer to well-defined geo- 
metric structures like grooves, which are used to systematically change emissivity. 
Cavities are discussed in detail separately in the context of blackbody calibration 
sources (Section 1.4.6). 

Consider a polished metal surface (of, for example, £norma] = 0-04) with a well- 
defined surface structure in the form of grooves of a given slope angle (Figure 1.33, 
here with an apex angle of 60°). 

The grooves enhance the emissivity in the vertical direction, that is, perpendic- 
ular to the macroscopic surface, as can be understood from the following argu- 
ment. 
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Direct Emission from 2 reflected from 2 
emission from 1 reflected from 1 reflected from 1 


rs, oe 


Figure 1.33 V-groove model of a polished metal surface with low emissivity (a). The macro- 
scopic surface is horizontal. There are three contributions to radiance and, hence, emissivity for 
the groove surface in the vertical direction (b). 


(b) 2 


Radiation that is emitted from spot 1 in a direction normal to the macroscopic 
groove surface is composed of three radiance contributions: 


1. Direct radiation emitted from spot 1: this contribution is characterized by 
€(60°) with regard to the real groove surface; 

2. Radiation emitted from spot 2, which is then reflected from spot 1 in the nor- 
mal direction: this contribution is characterized by e(0°) - R(60°) = e(0°) - [1 — 
€(60°)] with regard to the groove surface; 

3. Radiation emitted from spot 1 in direction of spot 2, reflected back from spot 2 
to spot 1, and then reflected in the normal direction: this contribution is char- 
acterized by (60°) - R(0°) - R(60°) = e(60°) - [1 — e(0°)] - [1 — €(60°)] with 
regard to the groove surface. 


Adding up these radiance contributions and dividing by the blackbody radiance, 
one can easily see that the normal emissivity of the grooved surface has increased. 
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0° 


Surface with grooves, 60° 


Figure 1.34 Polar diagram for expected dependence of emissivity as a function of observation 
angle for 60° V-groove model of a polished metal surface with flat surface emissivity of 0.04 
(after [33]). 


For a numerical estimate, we assume a polished surface emissivity of e(0°) = 0.04 
and ¢(60°) = 0.05. In this case, the total normal emissivity of the grooved surface 
Etotal normal = 9-04 + 0.04 - (1 — 0.05) + 0.05 - (1 — 0.04) - (1 — 0.05) = 0.124, that is, 
the emissivity has increased by a factor of nearly 3 owing to this surface structure. 
The basic idea behind this enhancement explains why any rough surface has a 
higher emissivity than polished flat surfaces. 

Regular surface structures often lead to nonuniform angular distributions of 
emissivity. Repeating the preceding calculation for different emission angles [33] 
with respect to the macroscopic groove surface (Figure 1.34) reveals strong vari- 
ations of emissivity as a function of observation angles. 


1.4.4.5 Wavelength 
As is well known in optics, material properties usually depend on wavelength. 
Consider, for example, the reflectivity of the noble metals gold (Au), silver (Ag), 
and copper (Cu). Au and Cu have electronic interband transitions in the VIS 
range, which give rise to the wavelength-dependent reflectivities, finally result- 
ing in the characteristic golden-yellow as well as red-brown color of these metals. 
Reflectivity is strongly related to the emissivity of materials, so any wavelength 
dependence on reflectivity will also show up in emissivity. Detailed theoretical 
arguments are beyond the scope of this book, so we refer the interested reader to 
the corresponding literature [20, 31, 34, 35] and give schematic diagrams of how 
the emissivities of certain materials change in general (Figure 1.35). 

As can be seen from Figure 1.35, the emissivity of metals usually decreases with 
wavelength (an effect opposite to that of reflectance), whereas oxides and other 
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Figure 1.35 Examples of wavelength dependence of normal emissivity for different materials 
(after [20, 31]). 


nonmetals can show increases as well. The examples of aluminum alloys clearly 
emphasize the effect that increasing surface roughness from polished surfaces to 
those roughened by grid paper or finally being sand blasted leads to drastic in- 
creases of emissivity. Whenever dealing with substances that have wavelength- 
dependent emissivity, one must first determine whether emissivities are constant 
in the IR camera spectral range being used. If not, it is advisable to use narrow- 
band filters or another wavelength band for thermography where emissivities are 
nearly constant. If this is not possible, one must be aware that any quantitative 
analysis will be much more complicated since signal evaluation must then use the 
known variation of emissivity. 

We finally mention that in addition to these slowly varying emissivities as a 
function of wavelength, there are several examples of selective absorbers and 
emitters such as plastic foils or many gaseous species. These have special ap- 
plications in IR imaging and are treated in detail in other chapters (Chapter 8, 
Section 10.8). 


1.4.4.6 Temperature 

Material properties usually change with temperature, and it is no surprise that this 
also holds for emissivity. Figure 1.36 gives some examples. Some materials show 
fairly strong variations, so it may be necessary for practical purposes to know 
whether the temperature of a process under IR observation will remain within a 
certain temperature interval such that the emissivity for this study can be con- 
sidered constant. In addition, if the literature values for emissivity are used, one 
must know the corresponding temperatures. Particular care should be taken when 
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Figure 1.36 Examples of temperature dependence of emissivity for different materials (af- 
ter [20, 31]). 


studying materials that undergo phase changes, for example, when observing the 
melting of metals. 


1.4.4.7 Conclusion 

The material property of emissivity, which is essential in IR imaging, depends 
on many parameters. Accurate temperature measurement with thermography re- 
quires precise knowledge of this quantity. Several sets of tables of emissivities for 
various materials are available in books [1, 10, 23, 31] and from the manufacturers 
of related camera systems. Unfortunately, these cannot be used without a word 
of caution. Measurements always refer to specific experimental conditions, for 
example, temperature range, wavelength range (LW, MW, SW), or angles (direc- 
tional or hemispherical measurement). These three factors are usually not critical 
since, for most (not all) practical cases in thermography, wavelength and temper- 
ature dependencies are not relevant. Furthermore, most practical emitters show 
directional dependencies only for observation angles larger than 45° with respect 
to the surface normal. This means that we mostly deal with gray objects of nearly 
Lambertian behavior whose emissivity can be guessed within a certain range of 
accuracy. 

Unfortunately, however, metallic objects pose severe problems. Polished met- 
als have very small values of emissivity. Small variations in ¢ can cause large er- 
rors in temperature; therefore, the smaller the emissivity, the more precisely must 
its value be determined (see also discussion in Section 2.3.3). This poses serious 
challenges since polished metals have e values that are quite different compared 
to roughened or oxidized ones. In electrical inspections, one may often deal with 
highly oxidized or corroded metallic parts. In such cases, guessing the emissiv- 
ity from tables may lead to results that are quite erroneous [36, 37]. In addition, 
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the metal industry (e.g., aluminum or steel production) may also need to consider 
variations of emissivity with temperature. 


1.4.5 
Techniques to Measure/Guess Emissivities for Practical Work 


Owing to the problems in guessing accurate values for emissivity, it is common 
practice to measure e directly. This can be done in various ways; some of those 
often used are listed in Table 1.7. In all cases, by “emissivities” we mean directional 
near normal emissivities, which are integrated over the selected wavelength range 
of the IR camera. 

The easiest method is to attach tape or paint of known emissivity to the ob- 
ject under study. In the analysis, the surface temperatures of the tape or paint 
follow from their known £. Assuming good thermal contact and waiting until 
thermal equilibrium is established, adjacent surface temperatures of the object 
are assumed to be the same; hence, the object emissivity is found by varying € in 
the camera software until the object temperature is equal to known tape surface 
temperature. The accuracy of this method depends on the accuracy of the known 
emissivity. Owing to the lab measurements, they are related to the temperature 
accuracy of the contact probe (thermocouple). 

One may also directly measure several spot surface temperatures with thermo- 
couples and use them to calibrate the IR images. In this case, one must make sure 
that good thermal contact is achieved, thermal equilibrium is established, and — 
which is crucial for small objects — that the thermocouple itself does not change 
the object temperature via heat conduction. A useful condition is that the heat 
capacity of the thermocouple must be much smaller than that of the object. This 
method need not, but may, be more time consuming if objects made of many 


Table 1.7 Some practical methods of adjusting normal emissivities in thermography. 


Method Tape Paint, correc- Contact ther- Hole drilling 
tion fluid, and mometer 
soon 
Equipment needed Tape Paint Thermocouple Electric drill 
Idea behind Known emissivity from lab Spot measure- Known in- 
method experiments, calibrated with ments with creased emis- 
contact probe (usually thermo- contact probe sivity due to 
couple) cavity effect 
Advantage/ Nondestructive, Nondestructive, Nondestructive, Destructive, 
disadvantage removable, problem in may be time independent 
problem of removing consuming of object sur- 


good thermal 
contact for 
very rough 
surfaces 


paint, works 
also for rough 
surfaces 


face structure 
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different materials are investigated. Also, one must make sure that no thermal re- 
flections are present in IR images (Section 3.4) since these would introduce errors 
into the analysis. 

Sometimes, in building thermography, one may have the chance to drill a hole 
in the wall, thereby creating a cavity with very high emissivity values that can then 
be used in images for a correct temperature reading. In a manner similar to the 
tape method, emissivity can then be estimated for adjacent regions. 


1.4.6 
Blackbody Radiators: Emissivity Standards for Calibration Purposes 


In IR imaging, all commercial camera manufacturers must calibrate their cameras 
such that the user will be able to obtain temperature readings in IR images when- 
ever the proper emissivity is chosen. In addition, some research cameras must be 
calibrated by the users themselves. 

Calibration is usually done by observing the best available experimental approx- 
imations to blackbody radiation, so-called blackbody calibration standards. The 
national institutes that are responsible for standards (e.g., in the USA, NIST, in 
Germany, PTB) have developed standards (e.g., € > 0.9996 in the form of heat 
pipe cavity-type blackbodies [38]). Commercial blackbody radiators, in particular, 
large area instruments, are used as secondary standards by IR camera manufactur- 
ers and other users in laboratory experiments (Figure 1.37). They can be tracked 
back to the primary cavity-type standards but usually have smaller emissivities 
of around ¢ = 0.98. They are made of high-emissivity materials with additional 
surface structures (e.g., pyramids) whose surfaces are temperature stabilized. 

The principle for achieving high emissivities for primary standards is based on 
Kirchhoff’s law (Eq. (1.27)). One needs to construct an object that has high ab- 
sorptivity. As mentioned earlier, when introducing blackbody radiation, an open 
window ofa distant building usually looks very black. The reason for this is illus- 
trated in Figure 1.38. 

Radiation is directed into the hole of an otherwise opaque cavity whose walls 
are stabilized at a given temperature. There is a certain absorption per interac- 
tion with the wall, and the radiation will be gradually attenuated. Usually, the in- 
ner surface is not polished, that is, it is not a reflecting surface according to the 
law of reflection (Eq. (1.2)) but rather it is diffusely scattering (Figure 1.11). If the 
hole is small compared to the total surface area of the cavity, the radiation will 
undergo many absorption losses before there is a chance of its leaving the cavity 
again through the entrance hole. For example, if a = 0.5 (absorptivity of 50% per 
interaction), the radiation will be attenuated after 10 reflections already to (0.5), 
which is less than 1073. This means that the overall absorptivity is larger than 
99.9%, and therefore the corresponding emissivity has the same value. 

The same thing happens, of course, to any radiation that is thermally emitted 
within the cavity. It interacts with the inner walls many times before leaving the 
cavity through the only hole. This is why such cavities are considered to be perfect 
emitters of thermal radiation. As a matter of fact, attempts to explain the results of 
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(a) (b) 
i = —— 


(c) 


Figure 1.37 Photograph of two commercial secondary standard blackbody source with £ = 
0.98. (a,b) With circular symmetry structures, which are visible at grazing incidence. (c) Without 
structures. 


very accurate cavity measurements of thermal radiation led Planck to his famous 
radiation law. 

Many different geometries and sizes of cavities and holes have been studied 
(Figure 1.39) for a variety of different materials over the years [1, 31]. The simple 
geometries of sphere and cylinder are usually replaced by either conical shapes 
or at least cylinders with conical end faces. For high-emissivity sources, the inner 
surfaces are rough and of materials with high emissivity (see also Section 5.5.4). 

It is now easy to generate very high emissivities, but it has also been shown 
that, using low £ wall materials, it is possible to design cavities with intermediate 
emissivity values in the range 0.3—0.7 [39]. As an example, Figure 1.40a shows the 
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Figure 1.38 A cavity with a hole can trapin- If the inner surfaces are diffusely reflecting 


cident radiation (blue) even if the absorption (b), the effect is even stronger. Similarly, any 
per interaction with the surface is small since thermal radiation emitted from some spot on 
radiation undergoes many reflections before the wall (c, red) will be in thermal equilibrium 
there is a chance of being emitted again (a). before leaving the opening. 


(a) © (c) (d) 


Figure 1.39 Various geometries for cavity blackbody radiators. 


geometry of a polished metal cavity. Figure 1.40b depicts the resulting theoretical 
emissivity as a function of material emissivity, and Figure 1.40c demonstrates the 
effect of cavity geometry on the resulting emissivity. The latter result is easy to 
understand: the larger the inner surface area, the lower the chance of radiation 
hitting the small-opening hole, hence the larger the emissivity. 

Polished wall materials within well-defined geometries do, however, have the 
side effect of angular dependence of emissivity. As illustrated in Figure 1.34, there 
are specific angles at which more (or less) radiation is emitted with regard to 
other angles. These so-called geometrical resonances are illustrated in Figure 1.41, 
which depicts IR measurement results from the heated cavity shown in Figure 1.40 
for L = 5 mm. 

In conclusion, for cavity blackbody sources, whenever the inner surfaces are 
made of polished metals, it may be possible to obtain low and medium emissivi- 
ties in the range 0.2-0.6; however, the directional character of emissivity usually 
still shows up, that is, the cavities do not yet resemble Lambertian sources. The 
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Figure 1.40 (a-c) Design of a blackbody radiator cavity and theoretical expectations for cavity 
emissivities as function of wall material and geometry. 


best high-emissivity Lambertian blackbody sources are made of cavities with wall 
materials of high emissivity in the first place, perhaps additionally roughened. 

Finally, a rather recent new development of a large area, high-emissivity black- 
body was developed for in-flight blackbody calibration of an interferometer on 
research airplanes. It consists of 49 aluminum pyramids having a Nextel coating 
with £ > 0.967 from 5 to 12 um and covering an area of 126 - 126 mm”. Three dif- 
ferent pyramid base types — all with steep angles of around 80° — were arranged to 
form light traps. In this way, a large area blackbody with an emissivity exceeding 
0.9996 could be designed (Figure 1.42) [40]. 
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114.2 °C 
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Figure 1.41 Geometrical resonances in emissivity of metallic cavities. The black circle indicates 
the size of the aperture. 


(a) 


Figure 1.42 Pyramid-based blackbody calibration source for airborne instruments (after [40]. 
Image courtesy F. Olschewski). 


1.5 
Optical Material Properties in IR 


In any practical contactless temperature measurement with either pyrometry or 
IR imaging, the radiation from an object under study must reach the detector. 
However, this requires the IR radiation to pass through the space between object 
surface and detector within the camera housing (Figure 1.43). The radiation is 
usually attenuated on this path since it must pass through various kinds of mat- 
ter, usually at least the gaseous atmosphere and the solid focusing optics materials. 
Additional solid materials, for example protection windows, can lead to additional 
attenuation and thermal reflections and — if at elevated temperatures — to addi- 
tional emission of thermal radiation, which may contribute to the object signal. 
Certain special applications may include additional matter between object and 
detector, such as other gases, liquids, or additional solid filters. 
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Figure 1.43 Typical setup for thermogra- 
phy. The object is observed through matter, 
which can be a gas, a liquid, or a solid mate- 
rial, so it can become attenuated. The same 
holds for the camera optics in front of the 
detector. 


camera 


Object 


Here, we summarize optical material properties due to the atmosphere and 
common solid window or lens materials in the thermal IR spectral range. Ad- 
ditional materials, for example special gases or plastics, are dealt with separately 
in Chapter 8 and Section 10.8. More information can be found in the literature [1, 
4, 12, 13, 17, 31, 41-43]. 


1.5.1 
Attenuation of IR Radiation while Passing through Matter 


The most common case is the study of objects already present in the atmosphere, 
that is, objects and the camera already immersed in a gas. IR radiation is emitted 
from the object surface into the atmosphere. Once the scattering, absorption, or 
emission processes within the gas are known, one may calculate the modification 
of the object IR radiation. 

Similarly, for any kind of solid material, incident radiation will be modified as it 
is regularly reflected, diffusely scattered, absorbed, or emitted (Figure 1.44). 

In most cases, emission can be neglected. A general treatment of attenuation 
of IR radiation must therefore be able to compute absorption/scattering within 
matter as well as reflection losses at material boundaries. 

Attenuation of radiation along its original direction within matter is described 
by the Bouguer—Lambert—Beer law (Eq. (1.30)), which yields the transmitted por- 
tion T of the radiance as a function of traveled distance d within matter: 


IQA, d) = ed 
I(A,0) 


Here, y(A) = a(A) + o(A) denotes the total attenuation coefficient, which is due 
to the absorption (a) of radiation as well as scattering (ø), that is, a change in the 
direction of radiation. Both absorption and scattering can be calculated from first 
principles. In gases, both are due to electronic, vibrational, or rotational excita- 
tions, and y can be expressed as 


Ygases(A) = 7 + (abs lA) + Oycq(A)) (1.31) 


where n is the volume concentration of the gas (in number of particles/volume), 


and o,,, and Cca are the so-called absorption and scattering cross sections. Re- 


T(,d)= (1.30) 
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Figure 1.44 IR radiation that is incident on matter with flat surfaces can be reflected, ab- 
sorbed, or emitted. For rough surfaces, diffuse scattering may take place. 


sults for atmospheric gases — in the thermal IR range these refer more or less 
exclusively to ro-vibrational excitations — are known from many laboratory ex- 
periments (Chapter 8). 

For solid matter, attenuation is due to excitations within electronic bands and 
lattice vibration processes. The attenuation coefficient in nondiffusely scattering 
solids (e.g., glasses or crystalline materials with polished surfaces) can be related 
to a macroscopic well-known quantity, the imaginary part of the index of refrac- 
tion n = n, + in, (Eq. (1.32)): 


AT + Ny 
À 


The index of refraction has been measured for many solids and is tabulated in 
a series of handbooks [18]. 


(1.32) 


Y solids (A) = Asolids (A) = 


1.5.2 
Transmission of Radiation through the Atmosphere 


The dry atmosphere is composed of several natural gases (Table 1.8). In addition, 
there is a varying amount of water vapor of several percent volume concentration. 
Atomic gases (e.g., Ar) and diatomic gases of the same atomic species (N, and O,) 
cannot absorb IR radiation in the thermal IR range. However, molecules, made 
up of two or more different atomic species, for example, NO, CO, CO,, CH4, and, 
of course, H,O, are, in principle, able to absorb IR radiation. Figure 1.45 depicts 
two overview transmission spectra of horizontal atmospheric paths of lengths 10 
and 1000 m, demonstrating that mostly CO, and H,O dominate attenuation in 
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Table 1.8 Composition of dry air (for CO,, August 2016: http://www.esrl.noaa.gov/gmd/ccgg/ 
trends/). 


Gas Symbol Volume (%) Concentration (ppm) 
Nitrogen Ny 78.08 - 

Oxygen Os 20.95 - 

Argon Ar 0.93 = 

Carbon dioxide CO, 0.040 2 402 

Neon Ne 0.001 8 18 

Helium He 0.000 5 5 

Methane CH; 0.000 19 1.9 


otherwise pure air. Aerosols and clouds can induce additional attenuation (see 
also Section 11.5.1). 

Several characteristic absorption features are present, in particular, some bands 
around 2.7 um (H,O and CO,), around 4.2 um (CO,), between 5.5 and 7 um 
(H,O), and above 14 um (H,O, CO,). These absorption bands are important for 
defining the spectral bands of IR cameras (Figure 1.8). 

In addition to Table 1.8, there are gases with lower concentrations like krypton 
(Kr), hydrogen (H3), nitrous oxides (NO, NO), xenon (Xe), ozone (O3), and so 
on. The composition depends on the height above sea level. Some gas concentra- 
tions vary with time, e.g. the current increase in CO, is about 2 ppm/year, and for 
methane it is about 7 ppb/year. 

Several computer models compute very precise transmission spectra of IR radi- 
ation within the atmosphere, the best-known being the Low Resolution Transmit- 
tance (LOW TRAN), Moderate Resolution Transmittance (MODTRAN), or High 
Resolution Transmittance (HITRAN) codes. These radiative transfer models for 
the atmosphere incorporate absorption and scattering constants for all relevant 
gaseous species in the atmosphere, and they also include vertical distributions of 
the constituents in order to provide an adequate modeling for the gas attenua- 
tion. LOW TRAN is a low-resolution propagation model and computer code for 
predicting atmospheric transmittance and background radiance. MODTRAN is 
similar to LOW TRAN, but with better spectral resolution. Similarly, HITRAN 
works with even higher resolution. The 2004 HITRAN model included 1734 469 
spectral lines for as many as 37 different molecules. For IR imaging, however, we 
mostly deal with two species and a few spectral bands, as shown in Figure 1.45. 

Two aspects are particularly important for practical IR thermography. First, at- 
tenuation depends on the concentration of the absorbing gas species (Eq.(1.31)). 
For most gases of the atmosphere, concentrations are constant or slowly varying 
with time; water vapor, however, can have strong fluctuations; therefore, the rel- 
ative humidity is an important quantity that needs to be measured for accurate 
compensation of water vapor attenuation between object and camera. Second, 
attenuation depends on the distance from an object to the camera (Eq.(1.30)), so 
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Figure 1.45 Atmospheric transmission T(A) for (a) 10 m and (b) 1000 m horizontal atmospheric 
paths. The spectra are nearly identical for the meanwhile slightly changed CO, concentration 
(400 rather than 380 ppm). 


this quantity also needs to be known. Both humidity and distance are input pa- 
rameters within the camera software packages. 

Finally, for long atmospheric paths (e.g., hundreds of meters to kilometers) that 
are not usually encountered in thermography, additional effects due to aerosol 
scattering may become important, and the corresponding modeling must then 
include aerosol size and height distributions. If particles are small, as is the case, 
for example, in typical haze with water droplets of, say, 500 nm, visible light is scat- 
tered very effectively, whereas longer IR radiation is much less affected (Chapter 6, 
Section 10.9.2). 
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1.5.3 
Transmission of Radiation through Slablike Solid Materials 


1.5.3.1 Nonabsorbing Slabs 
The attenuation of IR radiation in solid materials happens, for example, for lenses 
in IR cameras, but quite often objects are also observed through some windows. 
Mostly, flat (polished) surfaces are used such that scattering from surface rough- 
ness is neglected. The attenuation is then due to reflection at the boundaries as 
well as to absorption within the material. For the sake of simplicity we now discuss 
planar geometry, that is, slabs of material of a given thickness and well-defined 
index of refraction and IR radiation at normal incidence. For camera lenses with 
curved surfaces, one should redo the argument for finite angles of incidence. In 
this case, reflection coefficients will change according to the Fresnel equations, 
giving rise to polarization-dependent effects (Figures 1.12 and 1.32). However, if 
the distance from the object to the lens is large compared to the diameter of the 
lens, then the angles are small, and the general argument will still be valid. 
Consider first a slab (coplanar plate) of a nonabsorbing material surrounded 
by a nonabsorbing material, usually the atmosphere (Figure 1.46). IR radiation 
of radiance Lọ is incident at normal incidence (in Figure 1.46, the propagation is 
drawn at oblique angles in order to visualize the various contributions separately). 


In the simplest description (Figure 1.46a), there will be reflection losses Lg 
(characterized by the reflectivity R = L/L) of the radiation at the first inter- 
face. If the losses are small, the wave encounters similar losses at the second 
interface, that is, the total losses amount to about 2RL, and the total transmis- 
sion Tiotal = Ltrans/Lo Can be written as Tota © 1 — 2R, with R from Eq. (1.5). 
A typical example for visible light and a glass plate in air would be n,,;. = 1.0, 
gass = 1.5 + 10.0, R = 0.04, and Tiota © 0.92. This means that a typical glass 
plate transmits about 92% of incident visible light, which is why we can see quite 
clearly through windows. Before turning to IR windows, let us briefly generalize 
this result. 


Incident 4 Reflected Incident Reflected 
radiation radiation radiation radiation 

2 1234... 

Slab Slab 
Transmitted : 
han Transmitted 

radiation radiation 1234... 

(a) (b) 


Figure 1.46 Scheme for calculating transmis- gating radiation is drawn as oblique lines for 
sion of a slab in air. (a) Simplest approximation clarity. In the calculation, however, they are 
for small losses. (b) Complete analysis includ- assumed to be at normal incidence. 

ing all reflection contributions. The propa- 
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If the reflection losses upon hitting the first interface become larger (which will 
be the case for most IR transparent materials in the IR region), the derivation for 
the transmission must take into account all contributions of multiple reflections. 
Figure 1.46b depicts the idea behind the calculation. Part of the incident radia- 
tion is reflected at the first encounter with the slab. Using the symbols R = Lg/Lo 
and T = L/L) = (1 — R) for reflectivity and transmission at a single interface, 
this first reflection contribution (1) is given by Ly - R. The transmitted part Ly - T 
enters the medium, which is initially assumed to be nonabsorbing. After the sec- 
ond transmission, and exiting the material, the radiance has decreased to L, - T? 
(transmitted beam number 1). Following the beam, which is internally reflected 
within the slab, and subsequently studying more reflections and transmissions 
upon interactions with the slab surfaces, we end up with a number of rays (1, 2, 
3, 4, ...) contributing to the total reflected radiance and to the total transmitted 
radiance. For nonabsorbing materials, T = 1 — R; hence, the sum of all reflected 
contributions can be written as a geometrical sum 


1- R} 
Tib = (1 — RP- +R? 4+ R44 RO +...) = a 


(1.33) 


Using Eq. (1.5) again for the air—glass example (n, = 1.0, ng = 1.5 + i0.0), the 
transmission can easily be evaluated to give 


(1.34) 


For ng = 1.5 this gives Tja 
viously estimated 0.92 value. 

In contrast, a material like germanium at a wavelength of 9 um has ng = 4.0 + 
i0.0. The simple derivation of a Ge slab in air would give Tota = 1 —2- 0.36 = 0.28, 


whereas the correct treatment according to Eq. (1.34) gives T = 0.47. 


p = 0.923, which is only slightly higher than the pre- 


1.5.3.2 Absorbing Slabs 
The propagation of radiation within an absorbing slab has the same type of contri- 
butions as in Figure 1.46b, the only difference being that during each successive 
passage through thickness d of the slab, there will be an additional attenuation 
described by Eq. (1.30). 

Repeating the preceding calculation of the transparent-slab transmission and 
inserting R from Eq. (1.5) we finally find the transmission of an absorbing slab 
(ngA) = n (A) + in, (A)) in air (4,4 = 1): 


16n? . 7n d)/À 
Tai d) = — (1.35) 
[0n +1)? + 02)" - [0 -1 + n2] - e780 


Equation 1.35 makes it easy to compute slab transmission spectra, provided the 
thickness d of the slab as well as the optical constants 1,(A) and 1,(A) of the slab 
material are known. 
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1.5.4 
Examples of Transmission Spectra of Optical Materials for IR Thermal Imaging 


1.5.4.1 Gray Materials in Used IR Spectral Ranges 
A number of common materials are available in the thermal IR spectral range [4, 
9, 17]. These include crystals like BaF, NaCl, CdTe, GaAs, Ge, LiF, MgF,, KBr, Si, 
ZnSe, and ZnS, and inorganic as well as organic glasses like fused silica IR grade 
or AMTIR-1. The materials can be characterized according to the corresponding 
wavelength range in which they are used. A number of examples are presented in 
what follows. 

Figure 1.47a depicts the transmission, reflection, and absorption spectra for a 
7.5 mm slab of NaCl. Obviously, NaCl has an excellent IR transmission of greater 
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Figure 1.47 Experimental (black) and theoretical (red) transmission spectra of a 7.5 mm thick 


slab of NaCl (a) as well as the reflection and absorption contributions (b). 
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than 0.90 up to about 12 um, and it still has a transmission of about 0.87 at 14 um. 
The transmission depends on the slab thickness wherever absorption plays a role, 
here for À > 12 um. However, NaCl — as well as other alkali halides — has the dis- 
advantage of being hygroscopic, that is, it must be protected from water moisture 
and humidity. Therefore, alkali halides are not used to manufacture lenses for IR 
camera systems. They are, however, sometimes used as special windows. 

As is the case with all literature data, a word of caution is necessary for the 
theoretical spectra. Accurate measurements of optical constants of materials are 
difficult, and those collected over the years were subsequently refined after better 
sample preparation techniques became available. All of the following theoreti- 
cal plots are based on the collection of data of optical constants from the liter- 
ature [18]. Often, several slightly different sets of data are available. This is due 
to the fact that such measurements are usually made under ideal conditions, for 
example, clean samples, very good crystal or sample film quality, very few surface 
defects, scratches, and so on, with little sideways scattering. Hence, when com- 
paring these data to real-world windows or lenses of the same materials, several 
percent deviations are common; in the case of severe surface damage with con- 
siderable side scattering, even larger deviations are possible. Hence, theoretical 
spectra should be regarded as order-of-magnitude expectations, and experimen- 
tal spectra should be recorded for comparison whenever quantitative analysis is 
needed. In Figure 1.47b, the comparison of experimental spectra, recorded with 
Fourier transform infrared (FTIR) spectroscopy, and theoretical spectra based on 
tabulated optical constants shows very good agreement. 

All data presented here refer to normal incidence. Spectra for obliquely incident 
radiation must take into account polarization-dependent effects described by the 
Fresnel equations (Figure 1.32). Lenses, windows, and filters for IR cameras are 
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Figure 1.48 Overview of typical theoretical transmission spectra for 1 mm thick slabs of vari- 
ous materials that are used in the MW IR spectral region. 
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often manufactured from materials like BaF,, CaF,, MgF., Al,O3 (sapphire), and 
Si for a wavelength range up to 5 um and Ge, ZnS, and ZnSe for the LW region. 
Some of these ideally suited materials for IR imaging are manufactured by spe- 
cial hot-pressing techniques and have special names like Irtran (acronym for IR 
transmitting). 

Figures 1.48 and 1.49 show some examples of transmission spectra of materials 
that are used in the MW range. 

Similar to the NaCl results (Figure 1.47), absorption features become impor- 
tant for longer wavelengths. In this case, the transmission spectra depend on the 
material thickness, as shown for BaF, and MgF, in Figure 1.49. Therefore, it is 
important to know the exact thickness of windows made of such materials if the 
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Figure 1.49 Transmission spectra depend on the thickness of the slabs owing to the onset of 
absorption. 
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Figure 1.50 Transmission spectra of silicon slabs for different thicknesses. Absorption features 
are prominent for wavelengths above 5 um. 


IR camera used is sensitive in the corresponding spectral range of absorption fea- 
tures. Obviously, BaF, may also be used for LW cameras; however, one must take 
care to keep the thickness of window materials small. 

Figure 1.51 provides an overview of spectra for materials that can be used in the 
LW range. 

Figure 1.48 proves that the transmission for silicon is rather flat in the MW 
range; however, absorption features dominate the spectra in the LW range. This 
is illustrated in Figure 1.50, which presents a closer look ofa silicon plate for differ- 
ent thicknesses. In the last few decades, the purity of silicon crystals has improved 
considerably. This means that high-quality oxygen-free silicon crystals may have 
appreciably less absorption than the sample shown here, which is based on a com- 
pilation of measured optical data from 1985 [18]. 
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Figure 1.51 Overview of typical theoretical transmission spectra for 1 mm thick slabs of vari- 
ous materials that are used in the LW IR spectral region. 
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Figure 1.52 Transmission spectra of Ge (a) and ZnS (b) depend on slab thickness owing to 
onset of absorption. 


It is should be mentioned that some of these materials have special trade names 
if manufactured in a certain way. For example, hot-pressed polycrystalline ZnS 
with about 95% cubic and 5% hexagonal crystals was called Irtran-2 by the man- 
ufacturer Eastman Kodak. Similar other trade names exist, like Irtran 4 for ZnSe, 
and so on. Since optical properties depend on crystalline structure, mixtures of 
different crystal forms can lead to differences in optical transmission spectra. 
ZnSe can be used throughout the LW range; for ZnS or Ge, however, thick sam- 
ples show significant absorption features even below wavelengths of 15 um (Fig- 
ure 1.52). This effect is less pronounced for GaAs; however, GaAs is very expensive 
compared to the other materials, which affects its commercial use for lenses. 

For comparison, Figure 1.53 depicts the respective spectra for regular labora- 
tory glass BK7 (Schott) or fused silica, that is, amorphous silicon dioxide. Obvi- 
ously, common glass cannot be used in either MW or LW IR cameras. Synthetic 
fused silica can, in principle, be used for MW systems, acting as bandpass filters. 
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Figure 1.53 Transmission spectra of common laboratory glass BK7 and fused silica. There are 
usually batch-to-batch variations in the range around the water absorption band at 2.7 um 
owing to fluctuations in the OH chemical bond contents in these materials. 


1.5.4.2 Some Selective Absorbers 

A common misconception among beginners in IR imaging is the expectation that 
they will be able to observe warm or hot objects immersed in water. This is more or 
less impossible, as can be seen from Figure 1.54, which depicts theoretical trans- 
mission spectra of thin slabs of water. For direct comparison with Figures 1.47— 
1.53, the slabs are assumed to be surrounded by air. Obviously, only the very 
thinnest layers of water still allow the transmission of radiation in the thermal 
IR spectral range. 

Water that is 1mm thick is sufficient to completely suppress any IR transmis- 
sion in the MW and LW spectral range. In principle, SW IR imaging (A < 1.7 um) 
seems possible; however, the thermal radiation of objects at temperatures less 
than 600 K is very low in this spectral range (Figures 1.21 and 1.22). 
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Figure 1.54 Transmission spectra of slabs of water of varying thickness. 
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Figure 1.55 Experimental IR transmission spectrum of a plastic foil. 


In principle, other liquids like oils or organic compounds can have finite IR 
transmission; they are, however, only used for special applications and are not 
treated here. 

A final example of another frequently encountered material in IR imaging is 
shown in Figure 1.55, which depicts the IR transmission of a plastic foil. Plastics 
are complex organic compound materials that, depending on their type, show a 
huge variety in chemical composition. Therefore, they can also have large vari- 
ations in their IR spectra. Obviously, the chosen example may be used for MW 
cameras. It has several absorption features in the LW range but could perhaps be 
used as band filter material for special investigations. 


1.6 
Thin Film Coatings: IR Components with Tailored Optical Properties 


Many IR transparent optical materials have transmission values much lower than 
100%, some of them being in the range of 70% and others like Ge or Si even in the 
range of only 50% (Figures 1.48-1.52). These transmission losses are mostly due 
to the reflection losses from air to the material, with a high index of refraction. 
Obviously, any optical system using such materials would suffer from substan- 
tial losses of IR radiation reaching the detector. To reduce these losses, the lenses 
and optical components of IR cameras are usually treated with antireflection (AR) 
coatings. In addition, the coating technique can also be used to tailor desired op- 
tical properties like, for example, band filters for IR radiation. The technique to 
modify optical properties by deposition with thin film coatings is well known from 
the visible spectral range [25, 27, 44—46] and also has been successfully applied to 
the IR spectral range [2, 4, 17]. 


1.6 Thin Film Coatings: IR Components with Tailored Optical Properties 


1.6.1 
Interference of Waves 


The principle behind AR coatings is based on the wave nature of radiation, in 
particular the phenomenon of interference. Figure 1.56 illustrates interference 
schematically. IR radiation is an EM wave, which may be described by the oscil- 
lation of the electric field vector (Section 1.2.1). Whenever two individual waves 
(e.g., light waves, sound waves, water waves) meet each other at the same time 
and location, their elongations (here the electric field) superimpose, that is, they 
add up to give a new total wave elongation and a new maximum elongation, or 
wave amplitude. In Figure 1.56a, the two waves superimpose in such a way that 
the first wave is just shifted by half a wavelength, that is, it is out of phase with the 
second wave. In this case, the adding up of the two elongations results in com- 
plete cancellation of the electric field, and the new total elongation is zero. This is 
called destructive interference. In Figure 1.56b, the two waves superimpose in such 
a way that the first wave has no shift, meaning it oscillates in phase with the second 
wave. In this case, the adding up of the two elongations results in a larger elon- 
gation of the electric field, that is, the new total amplitude is twice as large as the 
one from each individual wave. This is called constructive interference. The overall 
energy transported by a wave is then proportional to the square of the amplitude 
of the wave, that is, in the first case, there is no net energy flux, whereas in the 
second case, there is twice as much energy flux with regard to the two individual 
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Figure 1.56 Destructive (a) and constructive (b) interference of waves as observed at a fixed 
location. 
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waves. Whenever interference happens, the energy flux of waves is redistributed 
such that in certain directions, destructive interference reduces the flux, whereas 
in other directions, there is constructive interference with larger flux. Of course, 
energy conservation is satisfied overall. 


1.6.2 
Interference and Optical Thin Films 


Interference can be utilized to tailor the optical properties of materials by de- 
positing thin films on top of the desired optical material. The idea behind this is 
schematically illustrated in Figure 1.57. Suppose IR radiation is incident on an op- 
tical component made up of a certain material, for example, Ge, Si, or ZnSe. This 
component material is called the substrate. For the sake of simplicity, we assume 
the substrate to be thick, that is, we only treat the first reflection from the top sur- 
face (Figure 1.57a). We can easily calculate the reflectivity for normal incidence 
from Eq. (1.5). 

If a thin transparent film is deposited onto the substrate (Figure 1.57b), there 
are at least two dominant reflections, one from the top surface of the film and the 
other from the interface between film and substrate (for the sake of simplicity of 
argument, we neglect additional reflections). For normal incidence, the two con- 
tributions overlap spatially, and at the top surface of the film, the two reflected 
waves can interfere with each other. With regard to the top reflection (1), the ra- 
diation (2) reflected from the interface has traveled an additional distance of twice 
the film thickness before interfering with the first wave. In this way, a phase shift 
is induced. For proper film thickness and index of refraction, the phase shift can 
be chosen such that the two waves interfere destructively. In this case, the thick- 
ness of the film needs to be 1/4, with 4 being the wavelength of the EM radiation 
within the film material. If in addition the amplitudes of the two reflected waves 
can be made equal, destructive interference can lead to a total suppression of re- 
flected radiation. Alternatively, it is possible to enhance the reflected portion of 
the radiation using constructive interference. Five parameters determine the opti- 
cal properties of reflected or transmitted radiation: first, the index of refraction of 
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Figure 1.57 (a,b) Idea behind optical coatings (see text for details). 
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Figure 1.58 Schematic of a multilayer thin film optical coating. In a simplified overview (a), 
there is a reflection component from each interface; in reality, there are multireflection contri- 
butions from each film (b) that need to be summed up. 


the substrate material; second, the index of refraction of the film material; third, 
the thickness of the film material; fourth, the angle of incidence; and finally, the 
wavelength of the IR radiation. 

Optical interference coatings have been studied for many decades in the visible 
spectral range, the most common and well-known example being AR coatings 
for eyeglasses. Research has shown that single layers work only for one specific 
wavelength but are less effective for neighboring wavelengths. If special proper- 
ties like AR coatings, mirrors, or bandpass filters are needed for broader wave- 
length ranges, multilayer coatings are used (Figure 1.58). They can range from 
a few (like three) to several hundreds of layers. Matrix formulations have been 
developed to analytically treat such multilayer films [44—46]; however, it is obvi- 
ous that such solutions become very complex, and nowadays computer codes are 
used to compute the optical properties. We show a few selected results in what 
follows. However, a word of caution is needed when theoretically discussing thin 
film properties. Besides the aforementioned theoretical parameters that influence 
optical properties, one also needs to consider the availability of transparent film 
materials as well as their growth properties on the given substrate materials. If the 
lattice constants of the selected film material deviate too much from those of the 
substrate, it may be that the coating cannot be manufactured. 


1.6.3 
Examples of AR Coatings 


The effectiveness of thin film optical coatings is first illustrated by an example 
with visible light. Figure 1.59 depicts the reflectivity for normal glass as well as 
for the same glass substrate coated with either a single layer of MgF, (thickness 
= 90 nm, corresponding to 1/4 for the chosen reference wavelength of 500 nm) or 
a triple layer using MgF,, ZrO,, and Al,O3. The typical glass reflectivity of a single 
interface is reduced from around 4% to a minimum of about 1.5% for a single- 
layer coating and to less than 0.1% for an appropriate three-layer coating. The 
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Figure 1.59 Optical antireflection (AR) coatings for glass in the visible spectral range, op- 
timized for a reference wavelength of 500 nm. Multilayer coatings can lead to a broadband 
reduction of reflectivity (computed with the commercial program Essential McLeod [46]). 


multilayer coating has the additional advantage of a very broadband reduction of 
reflectivity within the visible spectral range. Nowadays such AR coatings are of 
standard use in eyeglasses and glass lenses (of course, both glass surfaces must be 
treated). 

Similarly, AR coatings can be applied to materials used for IR optical compo- 
nents like IR cameras. For example, silicon has a reflectivity well above 40% and 
a corresponding low transmission in the MW range. Again, a simple two-layer 
coating made of MgF, and ZrO, could easily reduce the reflectivity to below 10% 
(Figure 1.60), that is, enhance transmission to over 90% (the sum of both is slightly 
less than 100% because of absorption). Similar AR coatings can be applied to other 
materials in the LW range. In practice, all component surfaces are treated with AR 
coatings, not just the front surface. 

In conclusion, AR coatings of IR optical components can be easily produced. 
The exact multilayer composition of manufacturers is usually not known, but the 
principle behind the method is obvious. Figure 1.61 depicts transmission spectra 
of a simple single-layer AR coating made of 530 nm ZnS on a silicon wafer. The 
model result (blue solid line) corresponds quite well with the corresponding real 
system, which was produced by evaporation techniques in a vacuum chamber and 
subsequently analyzed using FTIR spectroscopy. 


1.6.4 
Other Optical Components 


Finally, some applications in IR imaging require special optical coatings. There 
are several common examples. First, one might want to use high-pass or low- 
pass filters, that is, either only long or only short wavelengths are transmitted 
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Figure 1.60 Example of antireflection (AR) coatings for silicon in MW IR spectral range (com- 
puted using commercial program Essential McLeod [46]). 
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Figure 1.61 Example of a modeled (blue curve) and experimental single-layer antireflection 
coating of ZnS on top of a silicon wafer. 


with respect to a defined reference wavelength. This may be useful if background 
radiation of well-defined wavelengths need to be suppressed. Second, so-called 
neutral density filters may be useful if the total radiance incident on a camera 
is attenuated in a well-defined way. These filters can have a transmission (which 
can be chosen more or less arbitrarily over a wide range) that is independent of 
wavelength. Third, several applications require bandpass filters. Such filters are 
similar to interference filters known from the visible spectral range. Figure 1.62 
depicts a typical commercial filter whose transmission corresponds to the CO, 
absorption lines at À % 4.23 um. It is characterized by maximum transmission, a 
bandwidth at half maximum, and sometimes the slope of the curve. Commercially, 
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Figure 1.62 Typical example for transmission spectrum of commercially available narrowband 
IR filter at 4.23 um. 


a wide variety of broadband or narrowband filters are available for nearly every 
wavelength in the thermal IR range (e.g., [47]). 

In conclusion, using thin optical film coatings, it is possible, within certain lim- 
its, to tailor desired optical properties of IR optical components. The only impor- 
tant issue to keep in mind is that the materials for the thin films must not absorb in 
the respective spectral range. Otherwise, they would behave in a manner similar 
to absorbing windows, that is, absorb part of the radiation, thereby heat up and 
emit IR radiation, which would introduce an error in the measurement of object 
temperatures. 

Interference filters in the IR are usually a combination of a cut-on and a cutoff 
filter (Figure 1.63). The use of filters is discussed in Section 3.2.1 and Chapter 8. 
Many filter materials transmit short IR waves and start to absorb wavelengths 
larger than a certain wavelength. Ideally, a filter substrate material should absorb 
only at wavelengths larger than the filter cutoff wavelength. However, in this case, 
it is important to choose the direction of IR object radiation through the filter. 
It should pass first through the cutoff filter such that longer wavelengths are re- 
flected, that is, cannot be absorbed in the filter. If radiation passed through the 
filter in the wrong direction, the filter itself would absorb longer wavelengths and 
thereby heat up, leading to an additional source of thermal radiation, which would 
affect the signal-to-noise ratio (Chapter 2). Unfortunately, however, whenever a 
filter substrate material is absorbing in the used spectral range, it is itself also a 
source of IR radiation (Eq.(1.27)). Therefore, any warm filter (irrespective of be- 
ing potentially heated up by absorbing object radiation) will also emit additional 
broadband background radiation toward the detector. Therefore, the selection of 
available filters does depend on the application. IR radiation emitted from a filter, 
in particular if uncooled, may still be tolerated in IR spectroscopy. In contrast, the 
additional filter radiation — if used as warm filters (Section 8.3) — would dramati- 
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cally reduce the signal-to-noise ratio in IR imaging. As a remedy, absorbing filters 
are cooled or filters from nonabsorbing materials must be used. Both absorbing 
and nonabsorbing filter materials for IR are available [47]. 


1.7 
Some Notes on the History of Infrared Science and Technology 


Nowadays, science and technological developments often go hand on hand, stim- 
ulating each other. Concerning the beginning of IR thermal imaging, science and 
technology developed more or less independently. Therefore, we will begin dis- 
cussing the science alone up to about 1900 before dealing with developments in 
IR technology. 


Wa 
Infrared Science 


Table 1.9 gives a brief overview of early IR science. It may be subdivided into three 
parts: the discovery of IR radiation, the introduction of the concepts of blackbod- 
ies and their radiation, and the development of the laws of radiation. Some con- 
cepts and laws were discussed earlier in the introductory sections to provide a 
scientific basis of the discussed topics; here, however, we focus on the historical 
perspective. 


1.7.1.1 Discovery of Heat Rays and Atmospheric Absorption 

The modern history of IR science started around 1737, when Emilie du Chatelet 
first predicted IR radiation. Chatelet was a French mathematician and physicist 
who, for example, also translated Newton’s Principia. In 1737, she entered a con- 
test sponsored by the French Academy of Sciences on the nature of light, heat, 
and fire. Although she did not win the contest, her work was later published. In 
this paper, “Dissertation sur la nature et la propagation du feu,” she suggested that 
different colors of light carried different heating power, that is, she anticipated the 
existence of what is now known as IR radiation [48, 49]. 
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Table 1.9 Timeline of important early IR science discoveries. 


Year Person Important event in IR science 

1737 E. du Châtelet Prediction of IR radiation 

1786 B. Thompson Transport of heat through vacuum 

1800 W. Herschel Discovery of IR radiation 

1804 J. Leslie Emissivities of different surfaces, Leslie cube 

1830s M. Melloni Absorption spectrum of liquids and solids 

1840 J. Herschel Atmospheric windows 

1859 G.R. Kirchhoff Blackbody theorem: absorption + emission 

1879 J. Stefan Stefan—Boltzmann law Empirical 

1884 L. Boltzmann Derived from thermodynamics 

1893/1896 W. Wien Wien radiation and displacement laws 

1898 O. Lummer/ Very precise measurements of cavity (blackbody) radiation 
F. Kurlbaum/ at PTR in Berlin 


E. Pringsheim 


1900/1905 Lord Rayleigh/ Radiation law 
J. Jeans 


1900 M. Planck General blackbody radiation law: birth of quantum theory 


However, more than 60 years would pass before IR radiation was experimentally 
discovered by Sir William Herschel. In 1800, Herschel studied the heating power 
of solar radiation [50, 51]. Radiation from the sun was passed through a prism 
before different parts of the spectrum would hit sensitive thermometers (Fig- 
ure 1.64). Herschel found that the resulting temperature rise depended strongly 
on the location of the thermometer in his spectrum, the visible part of which ex- 
tended around 10 cm. Herschel found that violet light raised the temperature by 
2°F (for conversions from Fahrenheit into Celsius or Kelvin, see Table 1.2), green 
by around 3.5°F, and red light by as much as 7 °F above ambient temperature. Sur- 
prisingly, however, the maximum heating effect occurred way beyond the red edge 
of his visible spectrum, where he measured 9 °F. No effect was observed beyond 
the violet edge. Herschel observed that these so-called heat rays obeyed the same 
laws of reflection and refraction as light. 

Herschel’s work was immediately subjected to severe criticism by Leslie, who 
challenged the accuracy of the experiments and completely denied the existence 
of invisible heat rays [52-54]. At that time, the majority of scientists still thought 
heat could only be transferred by matter. However, it was already proposed in 
Query 18 by Newton in his Opticks [55] that the transfer of heat through a vacuum 
was possible. 

“If in two large tall cylindrical Vessels of Glass inverted, two little Thermometers 
be suspended so as not to touch the Vessels, and the Air be drawn out of one of 
these Vessels, and these Vessels thus prepared be carried out of a cold place into 
a warm one; the Thermometer in vacuo will grow warm as much, and almost as 
soon as the Thermometer which is not in vacuo.” Newton concludes that heat, like 
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Figure 1.64 Experimental setup used by William Herschel that was used to discover IR radia- 
tion (after [51]). 


light, is transferred by what others called the ether, a much more subtle medium 
than air, which remained in the vacuum even after the air was drawn out. 

In 1786, Benjamin Thompson, also known as Count Rumford, reported more 
experiments along these lines. He described some experiments using the vacuum 
of Torricelli tubes to measure heat transfer through a vacuum [56]. 

Assuming, therefore, that heat could indeed be transported even in the absence 
of regular matter (nowadays we no longer need the hypothesis of the ether), it 
is obvious that Herschel — had he surrounded his thermometers by a vacuum — 
would have observed more or less the same effect. 

Although Leslie, with his denial of invisible heat rays, was not successful in the 
long run, his rather ingenious attempts to verify his own ideas led to an instru- 
ment that is widely known today as the Leslie cube [57] (see Figure 1.28 for mod- 
ern version of this cube). This instrument makes it possible to directly prove that 
different surfaces have characteristic abilities to emit heat and that dark or rough 
surfaces emit heat better than polished ones. He had even already formulated the 
law that the sum of reflection and absorption (i.e., emission) is the same for all 
opaque objects. 

The first investigation into atmospheric gas absorption in the IR spectral range 
had to wait a few more decades. In 1840, Sir John Herschel, son of William, while 
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Figure 1.65 Example spectrum (horizontal coordinate related to wavelength) from wet-paper 
method to demonstrate absorption spectra (after [58]). 


focusing his work on the then newly discovered method of photography, discussed 
the distribution of so-called calorific rays (as they were called at the time) in the 
solar spectrum by visualizing not only their spectrum but also their absorption 
features using a wet-paper method (Figure 1.65) [58]. The wet paper dries more 
efficiently at locations where it is hit by IR radiation. He concluded that the ab- 
sorption features may be due to the earth’s atmosphere, and, if future work sup- 
ports this idea, “we should see reason to believe that a large portion of solar heat 
never reaches the earth’s surface ...” In modern language, the results indicated 
that IR radiation is strongly attenuated by the atmosphere in certain spectral re- 
gions, a discovery that later led to the definition of the atmospheric windows that 
define the thermal IR wavebands (SW, MW, and LW) used for IR astronomy as 
well as IR thermal imaging. Much like Herschel, his contemporary M. Melloni 
also studied absorption spectra, but mostly for liquids and solids (see following 
discussion). 


1.7.1.2 Blackbodies and Blackbody Radiation 

The next milestone in understanding thermal radiation was reached in 1859, 
when German physicist Gustav Kirchhoff, while at the University of Heidelberg 
in Germany, formulated his famous radiation law. Kirchhoff was collaborating 
with Bunsen on methods of spectral analysis. In an attempt to understand ab- 
sorption and emission froma general point of view, he also studied the absorption 
and emission of thermal radiation emitted from cavities and invented the term 
blackbody. Based on thermodynamics, he formulated what is now known as 
Kirchhoff’s radiation law, which states that the amount of absorption of a black- 
body at any given temperature is the same as the amount of emission of the same 
body provided it is in thermal equilibrium [59-61]. Furthermore, the amount 
of emitted radiation only depends on wavelength and temperature. The correct 
corresponding radiation laws were not discovered before the turn of the next 
century. The main difficulties were, first, to accurately produce and, second, to 
accurately measure the spectrum of blackbody radiation for a wide temperature 
range. These problems were solved in the group of Lummer in Berlin first by con- 
structing very precisely temperature-stabilized cavity blackbodies and second by 
developing very accurate bolometer detectors [62]. 

Figure 1.66 depicts two of the most famous and precise blackbody spectra of 
the nineteenth century, which — after Rubens added some at even longer wave- 
lengths [63, 64] — later led Max Planck to his famous radiation law (see sub- 
sequent discussion). The spectra were recorded at the Physikalisch Technische 
Reichsanstalt in the late 1890s by Lummer and coworkers. Besides the observ- 


1.7 Some Notes on the History of Infrared Science and Technology 


l | l Figure 1.66 Two examples of observed (x) black- 
H + body spectra and those calculated from Wien’s 
radiation law (o) (detail from [62]). Although devi- 
120; 1646 K -| ations between theory and experiment seem small 
(indicated by A), they are reproducible and call for 
j | improvements in the theory. Gray areas around 2.7 
100 L xObsewea J t2 3 um and 4.2 to 4.3 um refer to H,O and CO, ab- 
© Theory Wien sorption bands. 
80;- 
60;- 
40; 
207 
0 


able residual absorption features of H,O (between 2.7 and 3 um) and CO, (4.2 
to 4.3 um) from the ambient air, students might think that there was very good 
agreement between theory and experiment. However, the measurements were so 
accurate that the experimenters claimed that there was a systematic disagreement 
between theory and experiment for long wavelengths at high temperature and that 
the theory of Wien, one of the leading theoreticians of the time, was wrong. Think 
about how self-confident you must be regarding your own experiments in order 
to make such a statement! 


1.7.1.3 Radiation Laws 

Rather than presenting an exhaustive historical discussion on the laws of radiation 
(which is beyond the scope of this section), we will summarize the most impor- 
tant laws describing thermal radiation for blackbodies in the 40 years between 
Kirchhoff (1860) and about 1905. 

An often used and quite accurate radiation law based on thermodynamics was 
the one formulated by Wien in the 1890s [65]. As can be seen from Figure 1.66, it 
described blackbody radiation spectra very well, with only very small deviations 
for long wavelengths and high temperatures. In modern language, his radiation 
law in terms of spectral excitance is written 


MYT) d= aenan dà (1.36) 
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Wien used unspecified constants in the exponent and the nominator in front of 
the exponential function. This Wien law describes nicely the existence of a max- 
imum and yielded reasonable fits to experimental data at the time. Only later, 
when Lummer, Pringsheim, and Rubens published more accurate measurements 
(Figure 1.66), did it become evident that Wien’s law was only an approximation 
that worked very well for short wavelengths, that is, high frequencies, but a better 
description had to be found for the long-wavelength regime. 

Surprisingly, it is also possible to use classical physics to derive a good approx- 
imation of blackbody radiation spectra for long wavelengths [66, 67]. This was 
done by Rayleigh (1900) and Jeans (1905). Their approximation, known today as 
the Rayleigh—Jeans law (see Eq. (1.37) as a function of wavelength or frequency) 
faces, however, the issue of the so-called UV catastrophe: according to the law, ra- 
diation should increase to infinity for high frequencies (short wavelengths), which 
is, of course, not the case: 


MEveish Fears om dy) = SF gy or MReveleh-leans(7) dy œ Ty? dv 


4 
(1.37) 


Both laws, Wien’s (Eq. (1.36)) and the Rayleigh—Jeans law (Eq. (1.37)), are nowa- 
days simple approximate derivations from Planck’s law (Eq. (1.15) or (1.17); see 
also Section 3.2.2.2 and Figure 3.10). Initially Planck believed in Wien’s law, 
which can be derived from general thermodynamic arguments of minute en- 
tropy changes for a system in thermodynamic equilibrium. However, in 1900, 
when confronted with the experimental spectra by Lummer, Pringsheim, and 
especially by Rubens at even longer wavelengths, Planck changed his mind. It is 
reported [68—70] that Rubens told Planck on 7 October 1900, about his very-long- 
wavelength measurements and the problem with the theory. His measurements 
unequivocally demonstrated that Wien’s law could not explain the data. Just one 
day later, Planck wrote a postcard to Rubens and explained that he had guessed 
the correction needed. What he had done and what he spoke about some days 
later on 19 October, directly after Rubens and Pringsheim presented their mea- 
surements, was extremely simple: he just changed Wien’s law ever so slightly by 
writing the exponential function as a fraction and adding a 1 in the denominator. 
As a matter of fact, this change was also supported by some general thermody- 
namic arguments, though Planck himself noted that he arbitrarily constructed 
expressions for the entropy that gave similar but improved versions of Wien’s ra- 
diation law [71]. Therefore, science historians later referred to a very lucky guess. 
Though Planck’s change may appear simple, it has enormous consequences. Only 
after six grueling weeks of intensive work was Planck able to theoretically derive 
the new radiation law. In the derivation he had to introduce a new constant and 
in particular the fact that radiation is not a continuous quantity but only happens 
in steps of h. This marks the birth of quantum theory. 

Spectra of blackbody radiation according to Planck’s law were discussed in de- 
tail in Sections 1.3.2.2 and 1.3.2.3. Here we briefly add that using Planck’s law it is 
now easy to derive two other very famous radiation laws. Historically they were 
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derived differently and still in the nineteenth century. The first, called Wien’s dis- 
placement law (Eq. (1.38), see also Eq. (1.16), [72]), relates the wavelength of max- 
imum spectral emission of radiation with the blackbody object temperature. In 
brief, it explains that the product of maximum wavelength and temperature is 
constant (more details can be found in Section 1.3.2.2, Eq. (1.16)): 


À - T = const (1.38) 


The second law, the Stefan—Boltzmann law, is again named after two scientists 
who dealt with blackbody radiation at different times. In 1879, the Slovenian- 
Austrian physicist Josef Stefan [73, 74], based on experimental data for cooling of 
mercury thermometers of different initial temperatures (experiments from Du- 
long and Petit), stated that the total amount of radiation emitted from an object is 
proportional to the fourth power of its absolute temperature. In modern parlance 
(see also Eq. (1.19)), we write 


Prora(T) = €AoT* in Wwith o= 5.67 -108 W/(m? K5) (1.39) 


where e is emissivity and A the emitting area. (It was subsequently questioned 
whether Stefan really deserved to be mentioned in the context of this law [75], 
but here we stick with the general story.) About 5 years later, Ludwig Boltzmann 
theoretically derived this relation [76]. Similar to the Wien displacement law, the 
Stefan—Boltzmann law can be directly derived from Planck’s law by integrating it 
over the whole spectral range (Section 1.3.2.4). 

The great popularity of the Stefan—Boltzmann law stems from the fact that it 
allows for easy and quick estimates of surface temperatures and, on the basis of 
those estimates, estimates of the energy production of stars as derived from their 
spectra. Stefan in his 1879 paper already compared the estimates available at that 
time of the surface temperature of the sun and, assuming it to be a blackbody, 
estimated it be around 5586°C. Since the sun is not a blackbody emitter, modern 
estimates derived from its spectrum typically range between 5700 and 6000K, 
that is, quite close to Stefan’s estimate. Let us briefly demonstrate the usefulness 
of the Stefan—Boltzmann law, knowing the value of the constant, by considering 
the total energy flux of the sun. Assuming a temperature of 5800K, € = 1, anda 
sun radius of 696 000 km, we immediately find the total energy flux from the sun 
to be 


Paota (T) = 5.67 - 1078 - 5800* - ait - (696 - 10°)? W x 4-10°W (1.40) 


Obviously, only fusion processes within the interior of the sun can permanently 
produce this huge energy flux, and its value must be consistent with stellar fusion 
models. 

Coming back to earth, this energy flux from the solar surface must also equal 
the energy flux passing through a sphere with a radius corresponding to the sun— 
earth distance, that is, a sphere with a radius of around 150 million km: 

Pota (sun) = S4rtR2 


sun-earth 


(1.41) 
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This immediately gives a solar constant of around S ~ 1370 W/m? outside of the 
earth’s atmosphere. 


1.7.2 
Development of Infrared Technology 


After the establishment of IR science by 1900, a huge field of applications lay 
ahead. For the purposes of this book, we will discuss only the following fields: 


e Quantitative IR spectroscopy either analytically in laboratories or in astronomy 

e Quantitative spot measurements of temperature with either band-pass or 
broadband pyrometers 

e First qualitative and then quantitative thermal imaging 


All of these applications are strongly correlated with, first, the development of de- 
tector technologies (see details of detector principles in Chapter 2) and, second, 
further scientific developments in precise definitions in radiometry and techno- 
logical developments of IR optics (e.g., optical materials, windows, lenses, prisms, 
filters), as well as calibration sources (blackbodies). With regard to IR imaging, 
there are obviously two ways to review the further development of IR technol- 
ogy. First, we could just give a chronological discussion, which would have the 
disadvantage that contributions to the various fields would be strongly mixed, or, 
second, we could divide this huge field into various subfields, which would help in 
following the developments in the various fields. We will proceed with the second 
option and divide the subsequent discussion into three parts: 


A. Prerequisites for IR imaging 
1) Detectors and underlying physics 
2) Materials 
3) Blackbodies and radiation sources 
4) Radiometry 
B. Development of quantitative measurement techniques 
1) Spectroscopy and IR astronomy 
2) Beginning of contactless T measurement 
3) Vanishing filament band-pass pyrometers 
4) Broadband pyrometers 
C. Applications and imaging techniques 
1) Industrial/military applications 
2) Qualitative imaging 
3) Quantitative imaging 


We would like to add two general remarks. First, we will make mention of quite 
a few — mostly freely available — early references that in the nineteenth and early 
twentieth centuries were often published in German, the then dominant scien- 
tific language. One of the most important journals at the time were the Annalen 
der Physik. Unfortunately, the volume count started several times anew with new 
series, which means that the same volume number refers to different series and 
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different years. To overcome this sometimes puzzling situation (e.g., when the se- 
ries number is not mentioned), it was decided to only use a new counting system 
when the old journals started to be digitized. The relation between the various 
counting schemes is described in [77]. There, links to web sites are given for free 
downloads. 

We also mention that, in Germany, the IR spectral range was initially called 
ultrarot (or ultrared, “rot” being German for “red”). Similarly, there are a number 
of other synonyms in the older English literature, such as caloric rays or radiant 
heat. This lasted to about World War II, after which the general term infrared 
took over in scientific publications. Another German term lasted for a while, the 
so-called Reststrahlen (Table 1.10). However, this term is no longer important in 
research or technological applications. 


1.7.2.1 Prerequisites for IR Imaging 

Table 1.10 presents a timeline for many important discoveries and developments 
in connection with IR detectors, materials, and other prerequisites for quantita- 
tive thermal imaging. We will just mention some milestones here and refer to the 
extensive literature with reviews of this huge field concerning detectors (e.g., [78- 
82]), materials [17, 83], and radiometry and instrumentation [1, 84, 85], as well as 
other early developments including military ones (e.g., [86]). 

The discovery of IR radiation by Herschel was accomplished by measuring tem- 
perature rises within rather large and bulky thermometers due to the absorption 
of radiation. Even before these first quantitative measurements, human senses 
were used to detect radiant heat, that is, IR radiation. There are reports from the 
sixteenth century [87] that a hand or face in front of a curved mirror that collects 
radiation, for example from a candle or ice, senses the radiation, that is, acts as a 
detector. Around 1600, this kind of experiment was supposedly conducted repeat- 
edly using thermometers as detectors [87]. An account of this and related experi- 
ments [88] not only demonstrated that a pane of glass in between a source and the 
skin strongly attenuated the heat perception from a fire (Figure 1.67a) [89, 90], but 
in particular it described an ice experiment, often named after Pictet. This exper- 
iment, performed in the late eighteenth century, seems counterintuitive for many 
physicists. 

Figure 1.67b depicts a setup with the main difference from earlier demonstra- 
tions that thermometers were used instead of skin to quantitatively measure the 
effect. Cold or hot objects are located close to the focal region of a mirror such that 
emitted radiation is made more or less parallel. It is focused by a second mirror, 
and a thermometer is placed close to its focal region. The obvious experiment is 
to have a hot object and detect a temperature rise. Saussure and Pictet used a red 
glowing metal bullet (about 5 cm in diameter), which they allowed to cool down, 
such that no visible emission was detectable by the eye. Still, however, there was a 
strong thermometer signal. Inserting a glass pane reduced the signal. They repro- 
duced these results also with a pot of water that had just boiled. However, when 
the hot object was replaced by a container of ice or an iced liquid, the temperature 
dropped several degrees below ambient temperature. At the time, this initially un- 
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Table 1.10 Prerequisites for IR imaging: detectors, materials, blackbodies, radiometry. 


Subfield Year Person/reference 

A2 1682 Mariotte [89] 

A2 1779 Lambert [90] 

A3 ca. 1790 Pictet [88] 

A3 1800 Herschel [51] 

Al 1821 Seebeck [92] 

Al 1830 Nobili [93] 

Al 1830/1833 Nobili/Melloni [94] 

A2 1830s Melloni [97-101] 

Al 1834 Peltier [102] 

Al 1839 Becquerel [105, 106] 

Al 1857 Svanberg [110] 

Al 1873 W. Smith [107] 

Al 1876 W.G. Adams, 
A.E. Day [108] 

Al 1880 S.P. Langley [104]a 

A3 1897 Rubens [63, 64]; 
see also [112] 

Al 1901 Langley [104]b 

A4 1903 W.W. Coblenz [84, 
85] 

Al 1917 T.W. Case [124] 

Al 1930 [125] 

Al 1938 Ta [109, 126] 

A2 1940s [117] 

Al2 1952 Welker [128] 


Important event of infrared technology 


Glass in front of fire decreases sensed radia- 
tion. Lambert: glass pane in front of face, even 
if lens-focused fireplace radiation is directed 
toward face: no feeling of heat 


So-called cold rays emitted from cold objects 
Discovery of IR radiation in sun spectrum 
Thermoelectric effect, AT generates voltage 
Applied thermal element to detect IR radiation 


From thermocouple to thermopile: 10 Sb-Bi 
pairs in series 

Transmission IR transparent materials 

Peltier effect: current generates AT, applica- 
tion: cooling system of IR cameras 
Photovoltaic effect discovery 

Wheatstone Bridge coupled with galvanome- 
ter, AR due to AT, i.e., sensitive thermometer. 
If hand approaches apparatus: signal due to 
radiant heat 

Photoconductive effect in selenium 
Photovoltaic effect selenium (photoelectric cur- 
rents) “the question ... as to whether it would 
be possible to start a current in the selenium 
merely by the action of the light” 

Platinum foil bolometer. Wheatstone Bridge 
measurement, sensitivity greater than con- 
temporary thermopiles with similar accuracy. 
Bolometer: radiation balance 

Reststrahlen: method to generate large amount 
of long-wavelength IR radiation 

Improved bolometer, IR sun spectrum up to 
5.3 um using a 60° rock salt prism 


IR radiometry 


First IR photoconductor Tl,S up to 1.2 um and 
its use for IR telegraphy 


Schafer/Matossi book: sensitive thermopiles 
important, in contrast: bolometer seldom used 


Use of pyroelectric crystals for IR radiation, 
review: [127] 


KRS5 synthesis of crystals, characterization for 
IR applications 


First synthetic InSb crystal 


1.7 Some Notes on the History of Infrared Science and Technology 


Table 1.10 Continued. 


Subfield Year 


Person/reference 


Important event of infrared technology 


A4 1950- Nicodemus, Zissis, Nomenclature, radiometry 
1960s Jones [114-116] 
Al 1959 W.D. Lawson et First studies on HgCdTe, also acronym MCT 
al. [129] for mercury cadmium telluride 
A2 1950s [83, 118, 119] Coatings, filters for IR components 
Al 1960s (78, 160, 204] Extrinsic detectors Ge:Hg 
Al 1970 W.S. Boyle, G.E. Charge-coupled devices (CCDs), Nobel Prize 
Smith [120-122] 2009: start signal for multielement detectors in 
IR 
Al 1970s [123] Replacement of LN2 cooling by other methods 
like Stirling coolers 
Al 1980s [130] Hybrid focal-plane arrays (FPAs): intercon- 
necting detector array to multiplexing (silicon- 
based) readout, allows independent optimiza- 
tion of detector array and readout 
Second-generation systems: hybrid 
HgCdTe(InSb)/Si (readout) FPAs 
Al 1982 T.S. Elliott Signal Processing In The Element (SPRITE) 
(e.g., [131-133]) sensor used with MCT photoconductors 
Al 1985 [134-138] From idea (1973) to 1040 x 1040 Schottky diode 
FPAs from PtSi 
Al 1990s [139-143] Quantum well IR photoconductor (QWIP), 
Stirling coolers, thermoelectric coolers 
Al After [144-148] Cameras with uncooled microbolometer FPAs 
1990s Peltier T stabilization 


expected result led famous physicists such as Lord Rumford to conclude [88] that 
there is also “emission of frigorific rays from ... bodies when they are cold.” 

The main problem of researchers in thermal physics at the time was the lack 
of availability of very precise thermometers. Therefore, many physicists,, such as 
Leslie [57] or Benjamin Thompson, later called Count Rumford [91], built their 
own apparatus. 

A breakthrough, which subsequently spurred the development of much smaller 
temperature sensors, was made in 1821 by Seebeck, who discovered the thermo- 
electric effect for a Sb—Cu sample [92]. The principle of this fundamental physical 
effect is depicted in Figure 1.68a. A temperature difference results in a voltage that 
is proportional to AT: 

U = C(T, - T) (1.42) 

It was soon understood that this effect could be used in measuring absorbed 
radiation and building sensitive thermometers. Already in 1830, Nobili for the 
first time used a thermal element of this kind to detect IR radiation [93]. Together 
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Figure 1.67 (a) Illustration of experiments described by Mariotte and Lambert. In modern 
terms, most of the IR radiation will be absorbed and some parts will be reflected. (b) Schematic 
setup to demonstrate so-called cold rays after Pictet. 
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Figure 1.68 Principal setup for thermoelectric results that is characteristic of the two mate- 
effect (a) and Peltier effect (b). If two contacts rials. Conversely, if a voltage is applied, then 
from two different metals are held at different a temperature difference results that can be 
temperatures, a voltage U = const. (T, —T,) used, for example, for cooling. 


with Melloni [94] he greatly improved sensitivity by adding many of these thermo- 
couple elements together to form a so-called thermopile detector. For example, 
in 1833 Nobili and Melloni used 10 Sb—Bi pairs in a series circuit. The result- 
ing thermopile was 40 times more sensitive than the best available conventional 
thermometer, and they could detect the thermal signatures of humans from a dis- 
tance of up to about 10 m (30 feet) (see also [95, 96]). To obtain the most sensitive 
instruments, a thermopile was combined with a sensitive galvanometer, and the 
resulting device was called a thermo-multiplicator. Melloni was very productive 
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Figure 1.69 Schematic temperature depen- with temperature, whereas semiconductors 
dence of electrical resistance of metals or show a decrease. Both materials can be used 
alloys (a) and semiconductors (b). Conduc- for temperature measurements. 

tors show a nearly linear increase in resistance 


and investigated many thermal effects in the IR range, such as the transmission of 
solids and liquids for IR radiation [97—101]. 

The inverse of the photoelectric effect, the so-called Peltier effect (Figure 1.68b), 
was discovered as early as 1834 [102]. It was also used in IR cameras, for example, 
as a temperature stabilization unit in uncooled bolometer cameras. 

In the following decades, many researchers used thermopiles by building their 
own devices. A typical commercial device is the thermopile named after Moll 
made from 16 thermocouples of constantin-manganin. The response time is sev- 
eral seconds, and sensitivity is around 0.16 mV/mW for wavelengths from 150 nm 
to 15 um (e.g., [103]). 

Another typical thermal detector, the bolometer, followed soon after [104]a. In 
strongly modified versions this detector type is currently used in many LW IR 
cameras. It is based on the temperature dependence of the electrical resistance of 
the materials used. Absorbed radiation leads to a temperature increase, which in 
turn leads to a change in electrical resistance (Figure 1.69) that is measured. 

The next development came with the discovery of photoelectric detectors. 
Shortly after Becquerel [105, 106] discovered the photovoltaic effect in 1839, pho- 
toconductivity [107] and photovoltaic effects [108] were discovered in selenium. 
In 1938, the first pyroelectric detectors for IR radiation were investigated [109]. 
The principle of photoelectric radiation detection is schematically shown in Fig- 
ure 1.70. 

It was only a matter of time before other promising materials were investigated, 
for example, Tl,S, InSb, HgCdTe, and many others. 

Parallel to the development of IR radiation detectors, researchers studied three 
more fields. The first one dealt with sources of IR radiation. Around the turn of 
the nineteenth to the twentieth century blackbody sources that emitted broad- 
band IR spectra (Figure 1.66) were widely available. The most precise ones were 
constructed at the Physikalisch Technische Reichstanstalt in Berlin ({111], Fig- 
ure 1.71). 
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Figure 1.70 (a) Incident radiation on a photo- leads to charge carriers within the conduction 
electric element leads to a change in electrical and valence bands of the material (for more 
signals, for example, the current. (b) Simple details, see Chapter 2). 

band structure model: the incident radiation 
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Figure 1.71 Cavity blackbody radiation ation was emitted through the cavity with 
source (after [111]). Only the inner part near diaphragms 1 to 6. The inner cylinder of 

the thermocouple E was at the desired sta- 0.01 mm thin platinum had a length of 40 cm 
ble temperature such that blackbody radi- and diameter of 4cm. 


Intense IR sources for selected wavebands were more difficult to obtain. An 
ingenious nonspectroscopic and quite easy way to obtain more or less pure IR 
radiation is the Reststrahlen method developed by Rubens [63, 64, 112]. Rubens 
had discovered that alkali halide crystals showed strong wavelength-dependent 
absorption bands even for thicknesses of only a few micrometers (excitation of 
optical phonons plus higher-order additional acoustic phonons that broaden the 
feature). If broadband IR radiation, for example from an incandescent source such 
as a blackbody, is incident on alkali halide crystals, these selected bands are re- 
flected better than adjacent wavelengths (Figure 1.72a). Repeating the reflections 
a few times (Figure 1.72b) leads to rather pure IR radiation wavebands, the so- 
called Reststrahlen (which translates as residual rays that are still there after the 
multiple reflections), which can be used for further experiments. For example, 
LiF crystals favor wavebands around 20-30 um, whereas NaCl results in bands 
around 50—60 um. 

The second parallel field, developed mostly after around 1950, had to do with 
how to correctly and quantitatively describe the various quantities associated with 
IR thermal radiation. As discussed in detail in Section 1.3.1, there are a number 
of quantities, and some of them, like radiance, are more important for IR imaging 
than others. Although nomenclature and radiometry may be a dry topic, its de- 
velopment (e.g., [114—116]) was particularly important for any later quantitative 
application. 

The third field, which partially developed independently of the others, concerns 
optical materials for the IR spectral range. Of course, a huge number of materi- 
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Figure 1.72 (a) Reflectivity from two alkali halide crystals: selected bands are reflected better 
than other wavelengths (after [113]). (b) Setup to generate Reststrahlen using multiple reflec- 
tions from alkali halide crystals (after [64]). 


als have virtually no absorption in the IR range. Some of them were given special 
names, such as IRTRAN (for IR transmission), for example, Irtran-1 to Irtran-5 
are MgF,, ZnS, CdF,, ZnSe, and MgO, respectively. In addition, other IR transpar- 
ent materials are known in industry with acronyms that seem totally unrelated to 
their chemical composition, such as KRS-5 or KRS-6 for thallium-bromide-iodide 
or thallium-chloride-bromide. Early research along these lines dates back to the 
first half of the twentieth century (e.g., [117]). Unfortunately, most IR transparent 
materials have high refractive index values, which means that they have large re- 
flection losses at the air—material interface. This problem was tackled by optical 
interference coatings for IR components (e.g., [17, 83, 118, 119]). 

A new revolutionary change in detector technology with enormous influence 
on IR imaging dates back to 1970 when — at first only for the visible spectral 
range — CCD sensors were introduced by Boyle and Smith [120, 121]. This inven- 
tion was considered so important that both researchers received the 2009 Nobel 
Prize in Physics for their work [122]. CCDs are devices that can be used as de- 
tectors to record images in electronic digital form. This led to the development of 
consumer product digital cameras. The CCD surface structure resembles a matrix 
of a large number of radiation-sensitive cells, called pixels, arranged horizontally 
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in rows and vertically in columns. Each pixel comprises a metal oxide semicon- 
ductor (MOS) capacitor. When a photon impinges upon a pixel, it is converted 
via the photoelectric effect into one or several electrons that are stored in the ca- 
pacitor. The number of electrons in a pixel is proportional to the irradiation. 

Therefore, the charge distribution in the pixels is a representation of an image. 

By reading out the contents of the different pixels using successive charge shift- 
ing row by row and within each row column by column (this is done by a readout 
circuit, ROC), one can reconstruct the image in digital form. A huge advantage of 
CCD sensors is that they are manufactured on silicon wafers by large-scale inte- 
gration processes including photolithographic steps, which are well known from 
microelectronics. 

The development of IR detector systems changed rapidly with the introduc- 
tion of IR multielement sensors, similar to visible CCD chips. In brief, de- 
tector elements have been developed as sensor arrays using MCT, PtSi, py- 
roelectric detectors, microbolometers, and quantum well IR photodetectors 
(QWIPs). Depending on the required operation temperature, the photoelec- 
tric systems were originally cooled by liquid nitrogen. This was later simplified 
by compact closed cycle cooling systems using the Stirling process or multistage 
thermoelectric Peltier coolers [123]. Better signal processing became available 
with the development of SPRITE sensors, which had signal processing already 
on their sensor elements. The latest and most advanced detectors available 
now are multiwaveband sensors, which can detect MW as well as LW bands 
separately. 


1.7.2.2 Quantitative Measurements 

The development of quantitative IR measurements started in two different fields, 
pyrometry (i.e., quantitative temperature spot measurements) and spectroscopy 
(quantitative 1-measurements). 

Obviously, generations of potters, metal workers, blacksmiths, and glass blow- 
ers had the personal experience to estimate the amount of heat during their pro- 
cess from the color of the kiln, metal melt, or glass. The ideas for measurements 
of temperature started as early as 1836, when Pouillet suggested estimating tem- 
peratures from the color of incandescent bodies [149] (Table 1.11). 

Keeping in mind that more than 50 years earlier Wedgewood had noted that it 
is quite difficult to judge the temperature from the color and brightness of heated 
objects, and that the brightness of a fire increases through numerous gradations, 
which can neither be expressed in words nor discriminated by the eye [150], we 
may be surprised by Pouillet’s table. His description of colors was indeed very 
subjective; however, he was the first to come up with a rule for color change with 
temperature, although today we are surprised that the perception of white color 
should start already at temperatures of 1300°C. 

In 1862 Becquerel [151] referred to Pouillet when he suggested that one may 
indeed use the color to measure temperatures of incandescent bodies. However, 
since the eye was used as sensor, only very rough estimates could be achieved. This 
changed by the end of the century when the first laboratory radiative thermome- 
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Table 1.11 Perceived color of a hot body as a function of its temperature (after [149]). 


Dull red 525 °C 
Dark red 700 °C 
Start of cherry red 800 °C 
Cherry red 900°C 
Clear cherry red 1000 °C 
Dark orange 1100 °C 
Clear orange 1200 °C 
White 1300 °C 
Shining white 1400 °C 
Dazzling white 1500 to 1600 °C 


Color filter 


Incident 
radiation 


Adjustable | 


Figure 1.73 Scheme of vanishing filament pyrometer. Radiation from an unknown source is 
matched to one from a filament whose electrical input power is adjustable. 


ters were developed (Table 1.12). The most commonly used type is the vanishing 
filament pyrometer (Figure 1.73) [152, 153]. In brief, its working principle is sim- 
ilar to that of a telescope that has an electrically heated tungsten filament in the 
focal plane of the objective lens. Therefore, the image of the lamp filament and 
its radiation are superimposed on the target radiation. The brightness of the fila- 
ment is then adjusted until it matches that of the target. This means that within 
the image the filament disappears against the target. The red filter avoids any mis- 
interpretation thanks to the color differences. Furthermore, it enhances the in- 
strument’s sensitivity. The device is calibrated by viewing blackbodies of known 
temperatures. Errors estimated around 1900 were around 100°C. Meanwhile, the 
accuracy of typical commercial devices — if properly operated — is around 1°C at 
775°C to 5 °C for temperatures at 1225 °C [153]. The most precise modern photo- 
electric laboratory pyrometers achieve uncertainties better than 0.1 K at 1063 °C 
and about 2 K at 3525 °C [154] by using much narrower red pass-band filters and 
photomultiplier tubes as detectors. Additional gray filters may be used to deal 
with different brightness levels. 

Nowadays the vanishing filament pyrometer is rarely used in industry, mostly 
because it does not allow automated operation, and this is due to the availability 
of easier-to-operate modern pyrometers [31] that have direct readouts and do not 
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Table 1.12 Timeline of some important developments in quantitative IR measurements with 
pyrometers. 


Subfield Year Person/Ref. Event 
B2 1836 Pouillet [149] Incandescent color relates to temperature 
Around 1860 Bunsen- Start of spectral analysis of atoms; however, 
Kirchhoff [125] initially there was a lack of suitable means 

to decompose spectrum in IR 

B2 1862 Becquerel [151] Proposed to use red glow of hot bodies to 
measure T 

B2 1892 Le Chatelier [156] First laboratory radiative thermometer, 


compared luminance of a target with central 
part of oil lamp flame, red filter 

B3 1899 Morse [157] US patent, disappearing filament pyrometer; 
for more details see, for example, [153] for 
comparison of various temperature mea- 
surement methods: accuracies, for example, 
61°C at 775°C and 65°C at 1225 °C 


B3 1901 Holborn-Kurlbaum Similar pyrometer, unaware of Morse patent 
[158] 
B4 1901 Fery Patent on total radiation pyrometer with 


thermoelectric sensor [31] 

After 1890 Many researchers First investigations of IR spectra with grat- 
ing spectrometers of atoms (e.g., [159, 160]); 
molecular spectra, initially unresolved 
broadbands [161], later resolved fine struc- 
ture (e.g., [162]) (e.g., reviews [125, 163]) 

B3 1923 Fairchild [164, 165] | Changes of pyrometer design into approxi- 
mately the present form 

1966 Lee [154] Example of very precise modern photoelec- 
tric pyrometers, for example, uncertainties 
better than 0.1 K at 1063 °C and about 2 K at 
3525 °C achieved owing to much narrower 
pass band in red and VIS photomultiplier 
tube 


rely on the human eye as detector. Three types are common, all of which rely on 
the same principle as all modern IR cameras do, the main difference being that 
only one detector element is used. They all detect absorbed IR radiation giving 
rise to some signal (see corresponding sections in Chapter 2). First, narrowband 
pyrometers detect IR radiation within a narrow spectral band, much like IR cam- 
eras detect in the SW, MW, or LW band. 

Second, to avoid the need to know correct emissivity values, ratio or two-color 
pyrometers were developed, which assume that emissivity does not change when 
two different wavelengths are used. Third, multiple-wavelength pyrometers were 
introduced (e.g., [155]) with the aim of becoming totally independent of emissivity 
(Section 3.2.2). 


1.7 Some Notes on the History of Infrared Science and Technology 


Parallel to the development of quantitative pyrometry, the first applications of 
IR spectrometry started as early as the nineteenth century. The birth of spec- 
troscopy probably dates back to Fraunhofer, who in 1814 discovered dark lines 
within the continuous solar spectrum. In 1859, Bunsen and Kirchhoff interpreted 
the Fraunhofer lines as absorption lines due to gases in the solar atmosphere, and 
they developed the method of spectral analysis. Initially, it was mostly applied to 
atoms in the visible spectral range, and results were used to analyze spectra of 
stars to learn about their elemental composition. However, it was just a matter of 
time before the IR spectral range was used as well thanks to the increasing knowl- 
edge about it and technologies for generating and detecting the corresponding 
radiation. 

For example, an extensive set of IR spectra of gases, liquids, solids, and minerals 
is due to Coblentz between 1900 and 1910 (e.g., [166—169]) and others, for exam- 
ple, near-IR (NIR) line spectra of atoms of hydrogen, helium, alkalis, and others 
were recorded shortly after 1900 by Paschen [159]. 

After the Bohr model of the atom was developed in 1913, other line spectra, 
for example, the Brackett and Pfund series of hydrogen in the IR region were pre- 
dicted and experimentally investigated (e.g., [160, 170]). In parallel, the first in- 
vestigations of molecular IR spectra started around the turn of the nineteenth to 
the twentieth century. The development was initially slow, as may be seen in Fig- 
ure 1.74, which displays the rotational-vibrational spectra of HCl over a period of 
more than 30 years from 1893 until 1929. 

At this time, Angstrom had just succeeded in detecting the location of absorp- 
tion bands; however, these were very broad and showed no fine structure at all 
due to the then available low resolution of around 400 nm. In subsequent years 
the resolution of the spectrometers in the IR range was undergoing continual 
improvement. In Figure 1.74 this is illustrated by the single broad-band feature 


A 
we O AX = 400 nm 
ea > 
g 2600 3100 
54 
g 
z = 40 nm 
no 
© 
Z > 
D 
OA 
S f ı 
sot =7nm 
9 Figure 1.74 Improvements in optical reso- 
2 i one ic a lution in spectrometers allowed a much bet- 
A a BoR ter recording of spectra. Here a schematic 
ý overview is given for HCI ro-vibrational 
=0.75nm Molecular spectra around 3.4 um wave- 
length, which were recorded between 
> 


around 1890 (top) and 1939 (bottom) (data 
Wavenumber (cm7) after [163, 171]). 


87 


88 


1 Fundamentals of Infrared Thermal Imaging 


showing two peaks, then a large number of a few dozen individual peaks, sepa- 
rated by a characteristic missing line in the middle of the spectrum. This spec- 
trum, with 7 nm resolution, represents a typical spectroscopic fingerprint spec- 
trum of a given molecule, here the HCl molecule. Owing to the distinct spectral 
features that resemble coupled rotational-vibrational excitations in the spectral 
range, which sensitively depend on the molecule under study, the corresponding 
spectral region between A = 2 to about 25 um is the fingerprint region for mole- 
cules, which is optimally suited for quantitative analysis. 

However, it did not end there. With the finest optical resolution available, one 
could determine that a single one of these individual peaks could still be split into 
two individual lines. The interpretation in this case is that the nuclear mass of 
HCI, which has an influence on the rotational motion of the molecule, depends on 
the isotopes. Two Cl isotopes exist, °°Cl and °’Cl, and the molecular spectra even 
allow one to investigate isotope effects and the composition of molecules. Besides 
these coupled rotational-vibrational excitations of molecules in the thermal IR 
range, purely rotational excitations at larger wavelengths of around 40 to 100 um 
were also analyzed (e.g., HCl [172]). 

In parallel to these experiments, the further development of quantum mechan- 
ical methods in the first decades of the twentieth century led to a very good the- 
oretical understanding of electronic, vibrational, and rotational molecular exci- 
tations [173]. However, real experimental progress was made only after fully au- 
tomated spectroscopic instruments became available after around 1940. Initially 
they were based on prisms and gratings, but following the invention of the fast 
Fourier transform (FFT), Fourier transform infrared (FTIR) spectroscopy began 
to dominate spectroscopic investigations in the thermal IR region starting in the 
1980s [174, 175]. 

Astronomy also started to use the IR spectral range once the first detectors be- 
came available (e.g., review [176, 177]). Early applications included measuring the 
moon or planets and the thermal radiation of stars. In addition, NIR spectroscopy 
was used to identify corresponding lines from elements within star spectra [178]. 
The first interstellar and extragalactic molecules, CO, ammonia, and other poly- 
atomic molecules, were detected in the microwave region; however, the IR range 
was being used, too. A prominent current example is the detection of methane on 
Mars using ground-based telescopes [179]. 


1.7.2.3 Applications and Imaging Techniques 
There is a huge amount of IR applications, and it is impossible to list them all. Here 
a short survey of some of the most important milestones is given (Table 1.13). 
Coming closer to the present time, most advances are being made in modern IR 
cameras, which is a rapidly growing field in terms of both applications and new 
developments in detector and imaging technologies. Therefore, the timeline in 
this section stops at around the year 2000. Later developments are discussed in 
Chapter 2 on detectors. 

The earliest visualizations of thermal signatures are probably medical applica- 
tions [180] dating back to the Egyptians, who moved hands across the bodies of 
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ill people to detect temperature changes with their fingers. Later, the Greek Hip- 
pocrates (around 400 BC) asserted that body heat was a useful diagnostic indica- 
tor of acute diseases [181]. Consequently, it is stated [182, 183] that the Greeks 
immersed bodies in wet mud and examined the drying process. Areas that dried 
more quickly were warmer regions, which helped to identify diseased regions of 
a body. 

It took more than 2000 years before new techniques for visualizing temperature 
distributions on objects were developed [80]. The principle is simple: one needs 
a specially prepared surface such that incident absorbed radiation causes some 
observable change in the surface. Herschel in 1840 was the first to come up with 
the idea of recording/visualizing the invisible IR spectrum of the sun [58]. This 
may be regarded first as the birth of IR astronomy and, second, as the year of the 
first IR image of an object, here the spectrum of the sun (Figure 1.65), with ab- 
sorption bands due to the atmosphere. Herschel moistened a strip of black paper 
with alcohol. Incident IR radiation led to evaporating alcohol whose pattern was 
immediately observable to the naked eye. Working on photography, Herschel also 
tried to produce permanent results by fixing images using a dye that remained on 
the surface after the evaporation of the alcohol. The dye concentration depended 
on the velocity of evaporation [58]. 

Owing to the low sensitivity of the method, it only works well for intense radia- 
tion sources, in this case, the sun. Some 25 years later, Tyndall wanted to convert 
IR images into visible ones [184]. He noted that “We must discover a substance 
which shall filter the composite radiation of a luminous source by stopping the 
visible rays and allowing the invisible ones free transmission.” Tyndall used car- 
bon arc lamps as intense IR radiation sources, with the VIS filtered out by satu- 
rated solution of iodine in carbon disulfide. Tyndall used various detectors, for 
example, very thin platinum foils (thin to reduce thermal conduction) in a vac- 
uum. The side facing the source was coated with aluminum black and absorbed 
IR radiation. This led to a permanent image of the carbon arc on the detector ow- 
ing to the chemical reduction of platinum (Figure 1.75). Tyndall also noted that 


Figure 1.75 Permanent thermal image 
of arc of carbon arc lamp from 1866 (af- 
ter [184]). 
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Table 1.13 Timeline of important developments: IR applications and imaging techniques up 
to around 2000. 


Subfield 


C2 


B1,C2 
C2 


C2 


Cl 


Cl 


C2 


B2, Cl 


C2 


C2 


C2 


C2 


Cl 


Year 


1840 
1866 


1880 


1929- 
1938 


1930s/ 
1940s 


1933 
1933 


1934 


1940s 


1940s 


1946 
1954 
1960 


1953 


1950s 


1954 


1955 


1960 


Person/company/ 
reference 


Egypt, Greece 


Herschel [58] 
Tyndall [184, 185] 


Abney [186] 
Czerny, Willenberg, 


Mollet, Röder [187— 
190] 


Gudden, Kutzscher 


Mees et al. [195, 196] 
Ford Motor Company 


G. Holst et al. [197] 
Military applications in 
WWII 

G. Eastman Kodak 


Some military camera 
developments 


Gobrecht, Weiss [191] 
P. Kruse/Honeywell, 
Texas Instruments 
First IR camera 


Military 


Texas Instruments 


Important event in IR imaging technology 


[181]: Temperature measurement 

for illness, detect heat with hands 
above body [180], also Greeks: drying 
mud [182, 183] 


First image spectrum 


Thermal images by (1) chemical reduction 
and (2) color changes 

Photographic plates, sun spectrum 
Ultrared photography: naphthalene on 
celluloid membranes, IR absorbed, heating 
> sublimation of naphthalene at those 
locations 


Military research on PbS IR detectors [78] 


Sensitive IR films 

First patents for IR drying (A + 1-1.6 um) 
in automotive industry 

First IR image converter (photocathode), 
more advanced developments in following 
decades [198] 

First IR display unit, image converter 

tube, sensitive up to 1.2 um, used as sniper 
scopes 

Commercial IR sensitive films 

First military IR line scanner, line-by-line 
image, 1 h/image; mounted on aircraft, 
looking down, scan perpendicular to mo- 
tion 1954: additional scanner reduced time 
to 45 min; by 1960: time 5 min/image (after 
Holst [23]) 

IR images of hands, face, and so on, evap- 
orography 

IR images [148, 202] 


Thermopile (20 min/image); bolometer 

(4 min/image) 

IR seeker heads; detectors PbS, PbTe, later 
InSb [78] 

Camera looking forward/system with two 
moving mirrors 


Name: Forward Looking InfraRed system 
(FLIR) 
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Table 1.13 Continued. 


Subfield Year Person/company/ Important event in IR imaging technology 
reference 
C2 1960s Ge:Hg, first astronomical applications [78, 
205] 
C3 1964/ Aga/Agema Mass-produced cameras for civilian 
1965/ use: AGA 660/Sweden (single-element 
1966 sensor, optomechanical scanner); 1966: 


20 images/s; first camera of modern type, 
as known today [23, 78] 
C2/A1 1970 W.S. Boyle, G.E. CCDs, Nobel Prize 2009 
Smith [120-122] 
C3 1975 Start of high spatial resolution systems, 
multielement detectors in mini coolers 


(first-generation systems, common module 
in USA) [78, 206] 


C3 1980 Second-generation systems: hybrid 
HgCdTe(InSb)/Si (readout) FPAs 

B1 1983 [207] IRAS satellite for IR astronomy 

C3 1985 Schottky diode FPAs (PtSi) commercial 
systems 

C3 1986 Agema Agema 870 camera with SPRITE sensor 

Bl 1990s NASA NIR instruments on board Hubble Space 
Telescope, for example, WFC3 [201] 

C3 1990 Quantum well IR photoconductor (QWIP), 
hybrid second-generation systems, Stirling 
coolers 

C3 1995 Cameras with uncooled FPAs, mi- 
crobolometer, and pyroelectric 

C3 > 2000 Start of third-generation system develop- 
ment 


mercury iodide changed color from red at room temperature to yellow at 150°C, 
that is, the recorded color changes refer to temperature differences. Tyndall fi- 
nally realized that experiments could be dangerous. His filter solution of iodine in 
carbon-disulfide was extremely inflammable, and the equipment in his lab caught 
fire several times. 

The next people to try recording thermal images were Czerny and cowork- 
ers [187—190]. Whereas Herschel and Tyndall had high temperature sources (sun 
or arc lamp) and therefore operated at short IR wavelengths, Czerny wanted to 
detect IR radiation of room temperature. 

Obviously regular photography was not possible at long wavelengths because 
of dark reactions at room temperature. 

For his new method, called ultrared photography, he used naphthalene or 
camphor on one side of a celluloid membrane. The other side facing the source 
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Figure 1.76 Thermographic images of a coffee mug and hand from 1953 (after [191]). 


was covered with soot (later other absorbers). Absorbed IR radiation heated the 
membrane, leading to sublimation of the naphthalene at the respective loca- 
tions. As a consequence, the irradiated parts of the coated membrane became 
thinner. Initially, Czerny recorded absorption spectra (with integration times of 
about 20 min!). A later modification entailed the use of absorbed layers of paraf- 
fin oil that evaporated when the membrane was heated. The thickness change 
resulted in an observed change in interference colors. Image quality depended 
on the thickness of the absorber layer. For thin layers, sharp images were pro- 
duced; however, the method was then not very sensitive because of the reduced 
absorption. But if the absorber layers were thick, strong absorption also led to 
heat diffusion in the layer, giving slightly fuzzy images. The technique was used 
to analyze many spectra of fluids or gaseous samples. Also, beakers filled with 
near boiling water were recorded with exposure times of around 30s. Drastic 
improvements in this method were later reported by Gobrecht and Weiss. They 
were (to our knowledge) the first to publish images of hot coffee mugs, a hand, 
and even the profile of a face (Figure 1.76, after [191]). 

In parallel to these imaging methods based on thermal effects on absorption, re- 
search in photography was partly also focusing on the development of films sensi- 
tive to NIR radiation. Initially, the creation of IR-sensitive photographic layers and 
plates was an art in science [186, 192]. The first photographic images of scattered 
NIR radiation in nature [193] looked very strange compared to visible photos, and 
there is a lot of interesting physics behind the phenomena [194]. Eastman Kodak 
was developing the first commercial films based on fundamental research by Mees 
and coworkers after World War I [195, 196]. IR-sensitive films were soon being 
sold by at least five companies. Most films were only usable in the very NIR with 
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Figure 1.77 Example of sensitivity of Kodak Ektachrome Professional IR-sensitive film (after 
Kodak). 


an upper wavelength of around 900 nm (Figure 1.77). Owing to the shift from film 
to digital cameras, demand for IR films decreased, and most if not all companies 
have meanwhile stopped producing IR films altogether. 

A typical military development with later commercial use was the invention of 
image intensification systems, starting during World War II, based on image con- 
version systems that had been demonstrated as early as 1934 [197]. Image con- 
version means that red or IR radiation is used to create photoelectrons, which are 
accelerated and converted back to photons upon hitting a fluorescent layer, which 
emits shorter-wavelength radiation (Figure 1.78). 

In principle, image intensification systems were the basis for early night vision 
systems [198]. Incident radiation (typically residual light or NIR radiation) is fo- 
cused with an objective lens on a photocathode. There photoelectrons are created 
via the photoelectric effect (first conversion). The energy of these electrons is in- 
creased by accelerating them using a high electric voltage and they are then di- 
rected onto a phosphor screen where they generate photons (second back conver- 
sion), which can be viewed through an eyepiece. Early versions used photocath- 
odes of rather low quantum efficiency (compared to today’s technology). Owing 
to their relatively low price (compared to IR cameras), such systems are still used 
and sold as standard night vision goggles. The reduction in size, weight, and price 
of modern IR cameras may, however, soon lead to an end of these products. The 
principle of image intensifiers is also used in many other fields, for example, med- 
ical and industrial endoscopes. 

An early example of a nonmilitary application of IR radiation is the drying of 
paints in the automotive industry, dating back to 1993 and operating with IR wave- 
lengths in a range from 1 to 1.6 um [199]. 

Another important nonmilitary application of IR radiation is IR astronomy. Fol- 
lowing detector development advances, modern IR astronomy started around the 
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Figure 1.78 Principal setup of an image for example, with a microchannel plate (MCP). 
intensifier (or residual light amplifier). Top: The electrons then hit a phosphor, which 
scheme, bottom: enlarged view of main com- emits a large amount of shorter-wavelength 
ponents. A small amount of object scene radiation, which can either be observed by 
long-wavelength radiation is directed onto the naked eye or detected with suitable image 


a photocathode. The ejected photoelectrons sensors. 
are accelerated, and their number increases, 


1960s (for a good overview of the topic, see [176]). The best systems nowadays all 
avoid attenuation due to the earth’s atmosphere. The first pure IR satellite (IRAS) 
was launched in 1983, and more modern systems, such as the Hubble Space Tele- 
scope, owed their development to IRAS’s success. At present, alternatives to satel- 
lites are high flying observatories such as SOFIA, a 2.5 m telescope located on 
board a 747 airplane [200]. The future of IR astronomy will probably start with 
the launch of Hubble’s successor — currently planned for late 2018 — the James 
Webb telescope [210], which will have a 6.6 m aperture and detect radiation with 
wavelengths between 0.7 and 28 um. 

An example of satellite-based IR astronomy is shown in Figure 1.79. It de- 
picts the Carina Nebula at a distance of about 7500 light years, recorded in July 
2009 with the Wide Field Camera (WFC3) instrument of the Hubble Space Tele- 
scope [201]. The Hubble Space Telescope, put into orbit in April 1990 and fully 
operational after a service mission in late 1993, has enlarged our knowledge 
about the universe enormously, partly also because of its amazing capability to 
detect NIR radiation. Many nebulas are called as such because they have a char- 
acteristic appearance in VIS images, as shown in Figure 1.79. It is dominated by 
scattered light from enormous amounts of dense gas and dust. Therefore stars 
nestled within the dust cannot be detected in the VIS. However, they can easily 
be detected in the bottom image, recorded at NIR wavelengths that are scattered 
much less than VIS light and thus penetrate the gas and dust region (see also 
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Figure 1.79 Comparison of VIS (a) and NIR and red, respectively). The NIR image was 

(b) images of Carina Nebula. The VIS image recorded with a 1 megapixel HgCdTe CMOS 
is a composite and was recorded with a 16 sensor with center wavelengths of 1.26 and 
megapixel CCD sensor using narrowband fil- 1.64 um (false colors are cyan and orange, re- 
ters with center wavelengths of 502,656,and spectively). Images courtesy NASA, ESA, and 
673 nm (false colors assigned are blue, green, the Hubble SM4 ERO team. 


Section 6.3.3.3 on NIR imaging examples and Section 10.9 on the range of IR 
cameras). 

Modern IR imaging with electronic detectors started in the late 1940s. The first 
systems were for the military and consisted of line scanners with a single detector. 
They were mounted on airplanes looking down while scanning perpendicular to 
the plane’s motion. The forward motion of the plane led to two-dimensional im- 
ages created from many line scans placed side by side. Recording times were later 
reduced by the addition of a scanner. A revolutionary design emerged in 1960 
when Texas Instruments designed the first system capable of looking at other an- 
gles (i.e., not downward) and in particular looking in the forward direction. These 
systems were therefore called forward looking IR and later gave the acronym to 
the company FLIR Systems, probably the largest worldwide in this field. Many 
names are associated with the early research in IR detector and camera tech- 
nology, but here only one of them will be singled out as an example. Paul Kruse 
(1927-2012) [148, 202], working at Honeywell, started working on IR imaging in 
the 1950s and pursued this topic until well after his retirement. He made many 
contributions to the field, in particular on HgCdTe detectors and uncooled mi- 
crobolometer two-dimensional arrays. 
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Around 1960, IR detector technology was increasingly being applied to study 
not only intrinsic materials such as PbS or InSb but also extrinsic, that is, impurity- 
activated ones that offer the possibility to shift energies by the concentration and 
kind of doping material [203]. Mercury-doped germanium [204] soon became a 
new material of choice for IR applications (e.g., [205]) in the 8-14 um range. 

FLIR imagers — produced mostly, of course, for the military — were highly cus- 
tomized, each having unique requirements. For example, between 1964 and 1972, 
Texas Instruments produced 385 FLIR systems, but with 55 different configura- 
tions [206]. Obviously, because of the small numbers per configuration, these were 
expensive systems. In the 1970s, the need to reduce costs finally led to the devel- 
opment of common modules (CMs), dramatically reducing the number of config- 
urations. The currently accepted idea behind CM systems is that certain functions 
of an IR sensor are not sensitive to a specific application and can therefore be made 
universal. This decision marked the start of rapid development in IR imaging. 

The first mass-produced civilian-use camera had already been introduced ear- 
lier in 1966 with the AGA 660 by Aga (later Agema) in Sweden. Such early cameras 
were quite heavy and could easily weigh 20 kg, including the control unit. Aga 660 
cameras had a single element sensor and an optomechanical scanner unit and pro- 


Figure 1.80 AGA Thermovision 665 camera This camera type was sold starting around 1965. 
Image courtesy FLIR systems, Inc. (2016). 


1.7 Some Notes on the History of Infrared Science and Technology 


duced about 20 images/s. Figures 1.80 and 1.81 depict two other early commercial 
models, a Thermovision 665 and a later example of a 1980s medical 30 Hz IR cam- 
era (Inframetrics 535) with a single HgCdTe sensor cooled by liquid nitrogen. It 
was advertised as requiring little space and having video output, and it allowed 
for recording screen images with a Polaroid camera. 

Subsequent changes in IR camera technology included so-called second- 
generation systems where sensor and ROC were produced as hybrid focal-plane 
arrays. These required less power consumption and allowed for a more compact 
design at affordable prices and, hence, led to a real breakthrough for nonmilitary, 
that is, civilian, applications. 

The next milestone was 1995, when the first IR cameras with uncooled mi- 
crobolometer arrays were produced. The turn of the century marked the start 
of the development of so-called third-generation systems, which, besides bring- 
ing improvements in frame rates, number of pixels, and thermal resolution, saw 
the emergence of other functions, for example, multiwaveband detection. 

The current world leader in IR camera sales, commercial, scientific, and mili- 
tary, is probably FLIR Systems. Founded in 1978, it bought out many successful 
competitors, such as Agema (formerly Aga Infrared) in 1997, Inframetrics in 1999, 
Indigo Systems in 2003, and Cedip in 2008. 


Scanner 


Figure 1.81 Liquid-nitrogen-cooled Infra- 
metrics 535 IR camera from 1980s producing 
images of 130 x 200 pixels. The camera 

was cooled with liquid nitrogen (funnel on 
top). Hard copy recording was performed on 
35 mm film (photo of computer screen) and 
half-inch VCR (VHS). The needed floor area 
of 17.5 X 22.5 in? was advertised as space 
saving (see Inframetrics PDF brochure from 
FLIR web site [209]). 
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Chapter 2 
Basic Properties of IR Imaging Systems 


2.1 
Introduction 


This chapter presents a brief overview of the radiation detector principles used in 
thermal imaging systems. It provides background knowledge on operation princi- 
ples, limiting factors for detector performance, and imaging systems. For a prac- 
titioner, a detailed knowledge on detectors is not necessary to be able to use an 
infrared (IR) imaging system. However, the interpretation of IR images requires 
some background knowledge on the limiting factors for camera parameters, such 
as temperature accuracy, temperature resolution (noise equivalent temperature 
difference, or NETD), spatial resolution (modulation transfer function, or MTF), 
and so on. 


2.2 
Detectors and Detector Systems 


An IR detector or detector system acts as a transducer that converts radiation 
into electrical signals. It forms the core of an IR imaging system. The quality of 
this transduction largely determines the performance of the imaging system. 

IR detectors can be divided into two groups: photon detectors and thermal de- 
tectors. In photon (or quantum) detectors, a single-step transduction leads to 
changes in the concentration or mobility of the free charge carriers in the de- 
tector element upon absorption of photons from IR radiation [1]. If the incident 
radiation generates nonequilibrium charge carriers, the electrical resistance of the 
detector element is changed (e.g., photoconductors [2, 3]) or an additional pho- 
tocurrent is generated (e.g., photodiodes [2, 3]). 

Thermal detectors can be treated as two-step transducers. First, the incident 
radiation is absorbed to change the temperature of a material. Second, the elec- 
trical output of the thermal sensor is produced by a corresponding change in some 
physical property of the material (e.g., temperature-dependent electrical resis- 
tance in a bolometer). 
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2.2.1 
Parameters That Characterize Detector Performance 


In general, radiation detectors are characterized by a large number of parame- 
ters [4]. With respect to the performance of an imaging system, the detector pa- 
rameters listed in Table 2.1 are of particular importance. 

The important figure for radiation detectors is the value of D}. Using the DÌ 
value, the performance of all different radiation detectors can be compared (see 
Figure 2.1 for spectral specific detectivity curves of commercially available IR de- 
tectors). The D} value is determined experimentally from spectral responsivity 
and frequency-dependent noise measurements. 

Knowledge of the Dy value makes it possible to estimate the noise-equivalent 
power (NEP) for a given detector geometry and bandwidth of signal detection. For 
example, if we assume an indium antimonide (InSb) photodiode at 5 um wave- 
length with a specific detectivity of about 10!! cm Hz!/? W71, a detector area of 
25 x 25 um?, and a bandwidth of 10 kHz for signal detection, we find a value of 
NEP, of 2.5 pW. 

As shown in Section 1.3.2, the incident radiant power on a detector element 
depending on the object temperature can be estimated for any given optics of an 
IR camera. A change in the blackbody temperature AT pp, causes a difference in 
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Figure 2.1 Specific spectral detectivity D] of | temperature as indicated, all detectors with 
various photon and thermal detectors for IR a hemispherical field of view (FOV) to 300 K 
radiation in comparison to theoretical limits background, a chopping frequency of 1 kHz 
of D* for ideal photon and thermal detectors, for photon detectors, and 10 Hz for thermal 
respectively (after [6]) (operating detector detectors are assumed). 


2.2 Detectors and Detector Systems 


Table 2.1 Several detector parameters with a significant influence on IR imaging system per- 


formance. 


Name, symbol, 
preferred units 


Ap (cm?) re- 
sponsive area of 
a single pixel 


T (s) Time con- 
stant 


RY (vw) 
or RÌ (AW!) 
Spectral re- 
sponsivity 


Un 
VAS 
(V Hz?) or 
I 
— (AHz”?) 


vaf 


rms-noise volt- 
age or current 
density 

NEP, (W) 
Spectral noise 


equivalent 
power 


Specific spectral 
detectivity D} 
(cm Hz”? w-!) 


Tp (K) Operat- 
ing temperature 


Definition, description 


Usually equals geometric area 

of a single pixel. Typically 

50 x 50 um? or 25 x 25 um? 

for thermal detectors and 

50 x 50 um? down to 15 x 15 um? 
for photon detectors in IR focal 
plane arrays. 


Characterizes detector response 
time (see also Figure 2.2). 


Ratio of detector signal volt- 
age or current to incident 
monochromatic radiant flux 
on detector area at wavelength 


À. 


Detector output noise voltage 
Uy or current Iy with respect 
to square root of applied band- 
width VAF of signal measure- 
ment. 


Necessary incident monochro- 
matic radiant power on detector 
area to produce a signal-to-noise 
ratio (SNR) of unity; this value 
mostly depends on detector area 
and bandwidth of signal detec- 
tion [3, 5]. 


Reciprocal of spectral noise 
equivalent power normalized to 
eliminate dependence of detec- 
tor area and bandwidth of signal 
detection. 


Equals temperature of detector. 


Functional relationship 


Equals decay time or rise time 
necessary for detector signal 

to reach 1/e value or (1 — 1/e) 
value, respectively, for incident 
radiation in terms of rectangular 


wave pulse. 
Ru _ e 
radiation 
E Tgignal 
7 ® radiation 


Depends on noise mechanism. 
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dominating Johnson—Nyquist 
noise (Rp-detector resistance) 
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= — or 
À RY 
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the radiant power A Ppp received by the detector according to 


ee (2.1) 


The object temperature difference AT, can be calculated from the measured 
radiant power difference ADpp: 


_ (dbr 
ATpg = | —= | Að (2.2) 


Ifthe radiant power difference A Øpg equals the NEP, the limit for possible signal 
detection (with SNR equal to unity) is achieved. 


2.2.2 
Noise Equivalent Temperature Difference 


The lower limit of the detectable radiant power difference is the NEP. Inserting the 
NEP in Eq. (2.2) results in the minimum temperature difference of the blackbody 
A THin that can be measured. 

This minimum temperature difference giving a radiant power difference equal 
to the NEP is defined as the NETD: 


dD, \ T! 
AT@? = NETD = (——* ) NEP (2.3a) 
OT pp 
Dz, \ T! VADA 
NETD = = VADAS (2.3b) 
ale D* 


For a given D} the NETD of the detector depends on the square root of the 
detector area and the bandwidth of signal detection. For example, a detector is 
assumed to have a very low time constant, allowing signal detection at 10 kHz 
and a frequency-independent D}. If the bandwidth is increased from 100 Hz to 
10 kHz, then the necessary Dy value of the detector to achieve the same NETD 
(i.e., temperature resolution ofan IR camera) must be increased by a factor of 10. If 
the detector area is decreased by a factor of 4 (e.g., detector size from 50 x 50 pm? 
to 25 x 25 um?), then the Dă value must be doubled to achieve the same NETD. 
Furthermore, the NETD is influenced by the camera optics, and all attenuation 
factors for the incident radiation (e.g., limited transmittance of the atmosphere 
and the optics, filling factor) will increase the NETD. 

If D* is wavelength dependent (Figure 2.1) and the detector receives the black- 
body radiation within the wavelength region 1, < A < A, according to Eqs. (1.23), 
(2.3a) and (2.3b), we find 


a 1 = —— JA (2.4) 


A x71, OM, pp AT 
FOV Ji? Tops ADD A) da V Ad 
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with the field of view (FOV) related to the hemisphere FOV and the spectrum- 
dependent attenuation factor of camera optics Toptics(4). 

According to the order-of-magnitude estimate of detector sensitivities of IR 
cameras (Section 1.3.2.6), all attenuation factors for the incident radiation on the 
NETD have been neglected. 

A simple estimate of the necessary D* for a detector to achieve a given NETD 
value uses the results of Section 1.3.2.6. For a long-wavelength camera system (8— 
14 um) with a standard 24° objective and an object temperature change from 302 
to 303 K, the difference of incident radiant power received by each single detector 
pixel amounts to 2.54nW. 

We treat this difference in radiant power as the NEP for a detector size of 
50 x 50 um? and a signal detection with an effective noise bandwidth of 100 Hz. 
In this case the necessary average D* value (average spectral value of D*(A) 
within the 8—14 um wavelength region) can be calculated according to the func- 
tional relationship for the D* value in Table 2.1. The necessary D* value from 
this estimate amounts to 2 - 10’ cm Hz!/2 W-!, If the object temperature differ- 
ence is decreased to NETD = 0.1K, the necessary D* of the detector increases 
to 2 - 108 cmHz!/? W-!. For a more realistic situation, only a decreased value of 
radiant power will generate the detector signal because of the attenuation factors. 
In this case, the minimum D* must exceed 5—8 - 108 cm Hz!/? W71. 


2.2.3 
Thermal Detectors 


2.2.3.1 Temperature Change of Detector 
Thermal detectors convert absorbed electromagnetic radiation into thermal en- 
ergy, causing a rise in the detector temperature. The efficiency of this energy con- 
version is determined by the absorptance a, (also called absorptivity, Eq. (1.27)) 
that is, the portion of absorbed radiation ®bsorbed/ Pincident: 

Therefore, the spectral dependence of the responsivity is determined by the 
spectral distribution of the absorptance a(A). The energy conversion can be ex- 
pressed by the following differential equation resembling energy conservation: 


dAT 


aD, = Chae 


+ GAT (2.5) 
with C the heat capacitance and G, the heat conductance of the detector. The 
heat conductance G, contains all heat exchange mechanisms of the detector as 
conduction, convection, and radiation. The radiation power ®) = OUT object) — 
D(T detector) in Eq. (2.5) represents the net radiation power transferred to the de- 
tector, which is given by the difference between the radiation power received from 
the object Ø(T object) and the radiation power emitted by the detector D(T getector) 
itself. The absorbed radiant power a@y leads to an increase in the detector tem- 
perature AT. 

For a square-wave pulse of radiation, the change in detector temperature AT 
exhibits an exponential rise and decay with a time constant r (Figure 2.2). 
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OT 


AT 


t 


Figure 2.2 Time-dependent temperature change for a square-wave pulse of radiation 
(after [6]). 


Equation 2.5 can be readily solved. One finds for the temperature response 
AT‘(t) of the sensor during the rise period 


AT = are (1-6) (2.6) 


with time constant 
Cur 


T= —— (2.7) 
Gin 
for the steady-state conditions (t — oo) 
(0) 
Age (2.8) 
th 
and for the decay period 
Dy _t 
AT=2 Oe (2.9) 


th 
The time constant 7 for a thermal detector is a measure of the detector’s speed of 


response. It is determined by the ratio of the heat capacitance to the heat conduc- 
tance of the sensor. If the temperature difference AT due to absorbed radiation is 
linearly transformed into an electrical signal, then the responsivity of the detector 
is determined by the ratio of the absorptance a to the heat conductance G, of the 
detector. Obviously, a fast and sensitive thermal detector requires low heat con- 
ductance for an optimum temperature increase and, as a consequence, also low 
heat capacitance (or mass) to exhibit a small time constant. For measurements, 
see Section 9.4.1.2. 


2.2.3.2 Temperature-Dependent Resistance of Bolometer 

For the complete detector operation, transduction of the temperature rise to an 
electrical output signal is necessary. This can be done using any temperature- 
dependent physical property, such as the temperature dependence of the elec- 
trical resistance (bolometer), the creation of a voltage by a temperature difference 
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(thermoelectricity or Seebeck effect in thermocouples and thermopiles), the tem- 
perature dependence of electrical polarization (pyroelectric detectors), and oth- 
ers. At present, the bolometer principle is the dominating detector used for IR 
cameras. Therefore, only the bolometer is discussed here in detail. 

The bolometric effect is a change in the electrical resistance of a material due 
to the temperature increase caused by the absorbed radiation in the detector el- 
ement. The temperature dependence of the electrical resistance R(T) is given by 
the temperature coefficient f}, defined by 


= -& (2.10) 
If the bolometer temperature is increased by AT, we find for the resistance change 


AR = AT = BRAT (2.11) 
aT 


where BR is the average value in the temperature interval AT. 

This resistance change for steady-state conditions can be expressed with the 
absorbed radiant power a@®, using Eq. (2.8): 
_ BRa®, 

Gin 


AR (2.12) 


2.2.3.3 NEP and D* for Microbolometer 

If a steady-state bias current J is applied to the bolometer, the signal voltage 
Usignat = ZAR can be measured. According to the definition of RY, the bolometer 
responsivity equation is given by 


RU = PIRa(à) 


2.13 
1 Ga, (2.13) 


The responsivity is strongly influenced by the temperature coefficient £} of the 
material used. Therefore, today semiconductors with 6 = —2 to —3% K~}, such 
as vanadium oxide VO, or amorphous silicon a-Si, are used as bolometer ma- 
terials instead of metals with £ values on the order of 0.1% K~. The responsiv- 
ity increases with the current applied to the bolometer. However, with increas- 
ing current an additional self-heating of the bolometer occurs associated with a 
bolometer resistance decrease owing to the negative temperature coefficient of 
the bolometer material. This behavior defines an optimum operating point of the 
detector. 

For a discussion of the specific detectivity D*, it is necessary to fix the dominant 
noise mechanisms in bolometer detectors. Ifno 1/ f-noise occurs, we can assume 
two dominating noise mechanisms: Johnson noise and noise resulting from tem- 
perature fluctuations [4, 5]. Neglecting an additional amplifier noise, these two 
dominating noise mechanisms of the NEP lead to 


g 4kT G2 A 
= ja MTG AS (2.14) 


NEP = 1/4kT2G 1+ — 
a( TpGen BPR 
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where the current heating of the bolometer is included. For Eq. (2.14), we have 
used the fact that the temperature differential due to current heating is small com- 
pared to the detector temperature before applying a current flow. The first term in 
Eq. (2.14) resulting from the temperature fluctuation noise indicates an increas- 
ing NEP with current heating. The second term resulting from the Johnson noise 
describes a decreasing NEP with increasing current associated with the increas- 
ing signal response of the detector Eq. (2.13). These opposite tendencies result in 
an optimum current flow with a minimum NEP. The minimum NEP is found by 
differentiating the NEP with respect to the current. The minimum NEP is found 


for optimum bolometer current J(NEP,,;,), 
(NEP u) = Cin (2.15) 
min IBIR 
which defines the minimum NEP as 
NEP nin = 4/4KT2 Gen (1 + a) Af (2.16) 
IB|Tp 


This expression shows that the temperature coefficient £, the heat conductance 
Gy, and the detector temperature Tp represent optimization parameters for the 
NEP ofa bolometer detector. In IR cameras with bolometer arrays, the focal-plane 
array (FPA) is operated near room temperature (Tp % 300K). The £ value for 
the materials used is about —2 to —3% K~!, as mentioned earlier; hence, the fac- 
tor 2/(|B|Tp) varies between 0.22 and 0.33. The most interesting parameter in 
bolometer detector technology is the thermal conductance, G,,, which directly 
affects the NEP Eq. (2.16). For a bolometer detector, the heat transfer can be de- 
scribed by the three fundamental heat transfer processes conduction, convection, 
and radiation. Bolometer arrays in IR cameras operate under vacuum conditions. 
Therefore, convection and conduction due to a surrounding gas atmosphere can 
be excluded. The only remaining heat transfer processes are radiant heat exchange 
and heat conduction via the solid-state material of the bolometer (support legs; 
Figure 2.3). The total thermal conductance G, can be calculated from the con- 
ductances caused by radiation and conduction: 


Gin = en fs iG ene (2.17) 


The thermal conductance caused by the radiant loss of a detector with area 
Ap at temperature Tp assuming unit emissivity and hemispherical FOV can be 
calculated by differentiating the Stefan—Boltzmann equation with respect to the 
temperatures: 

a d(ApoT*) 
diation _ Dt _ 3 
Ga = ——T > = 4ApoTp (2.18) 

The conduction contribution C= can be estimated using a simplified 

model of one-dimensional heat transport Eq. (2.19): 


A crois 
: (2.19) 


conduction _ 
GR =À 
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(a) (b) 
Figure 2.3 (a) Heat transfer from a bolometer membrane by radiative losses from membrane 
and conductive losses via support legs of membrane. (b) Equivalent circuit for energy transfer. 


where À is the thermal conductivity of the material suspending the bolometer 
membrane, A «ross the cross-sectional area, and / the length of the support legs of 
the bolometer. 

To get low NEP values, and hence low NETD values, the total heat conductance 
must be as small as possible. The minimum value of G, results if conduction 
can be neglected and the radiation dominates the heat transfer. In this case, and 
if only thermal fluctuation noise occurs in the thermal detector (Johnson noise 
is neglected), we will get the minimum NETD possible or, in other words, the 
theoretical limit of the specific detectivity D* (Eqs. (2.20) and (2.21), respectively): 


NEPideal = 44/ ApokTR AS (2.20) 


1 


Diseat = z 
44/okT3 


As a numerical example for detector temperature Tp = 300K, the specific de- 
tectivity becomes 1.8 - 10!° cm Hz?/? W71. If this value is compared to the 2r FOV 
and 300 K background-limited IR photodetection (BLIP) limit for quantum detec- 
tors (Figure 2.1), one can conclude that thermal detectors are only competitive in 
the LW region (8—14 um). 

For a 35 x 35 um? bolometer, this corresponds to a thermal conductance value 
of 7.5-10° W K. 

For a real bolometer, the thermal conductance is also influenced by the heat 
conduction via the suspension legs of the membrane connecting the bolometer 
with the substrate, which acts as a heat sink. 

To achieve only small additional contributions to the thermal conductance, a 
small cross-sectional area and a comparatively large length of the insulation legs 
are required. The limits for the length of the legs are given by the area of a sin- 
gle pixel (Figure 2.4a). The insulation legs are responsible for a decrease of the 
filling factor below 100%. Improvements in micromechanical technologies have 
increased the filling factor to about 80%. 

For a simple estimate of the heat conductance of the legs, neglecting the tem- 
perature coefficient of resistivity (TCR) of the material, we assume a heat con- 
ductivity of the material SiN, used of about 2 W m~! K}, a leg length of 50 um, 


(2.21) 
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Figure 2.4 (a) Uncooled bolometer FPAs. Left: bolometer array; top right: contact of bolometer 
detector; bottom right: complete bolometer 640 x 480 pixels FPA chip. Image courtesy: ULIS, 
France. (b) Bolometer pixel with A/4 resonant cavity. Image courtesy: ULIS, France. 


with a cross-sectional area of 2 x 0.5m? [7]. For these parameters, the ther- 
mal conductance caused by the thermal conduction via the two bolometer legs is 
8 - 1078 W K~. The vacuum-operated bolometer will therefore have a total heat 
conductance of 8.8 - 1078 W K~!. According to Eq. (2.9), the time constant equals 
the ratio of the heat capacitance to the heat conductance. For a bolometer with a 
heat conductance of 8.8 - 1078 W K~! and a time constant of 10 ms, a heat capac- 
itance of 8.8 - 1071? J K7} must be achieved. Assuming a specific heat capacity of 
500 J kg~! K~! of the main bolometer material Si,N,, this results in a mass of the 
bolometer pixel of about 0.6 ng. Fora Si,N, density of 3.2 g cm™° and a bolometer 
area of 35 x 35 um?, this corresponds to a detector membrane thickness of about 
0.2 um. Such a detector membrane would be too thin for efficient absorption of 
IR radiation. For enhanced long-wavelength IR absorption, a quarter-wavelength 
resonant cavity is used (Figure 2.4b). The metal studs connecting the bolometer 
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of a FPA to a complementary metal oxide semiconductor (CMOS) readout in- 
tegrated circuit (ROIC) also adjust the cavity width. The ROIC is an integrated 
circuit multiplexer that couples to a FPA sensor that reads the individual electri- 
cal FPA outputs. The ROIC transforms the small detector signal to a relatively 
large measurable output voltage. 

For an application of these detectors in thermal imaging systems, it must be 
considered that bolometers are not perfect in DC operation. The previously dis- 
cussed 2.54nW change of incident radiation power for a long-wavelength cam- 
era system (8—14 um) with a standard 24° objective and an object-temperature 
change from 303 to 302 K will cause a radiation-induced bolometer temperature 
change (total conductance of 8.8 - 1078 W K~! assumed) of only about 29 mK. 
However, the correct object-temperature change e of 1 K can only be measured 
by the bolometer if the intrinsic bolometer temperature is stable compared to the 
temperature change caused by the radiation power change. This means that if the 
detector temperature is changed by 29 mK owing to other mechanisms, for ex- 
ample, a change in temperature of the whole detector assembly, this also leads 
to an apparent 1 K object temperature change. Therefore, in most bolometer re- 
search and development (R&D) cameras, the array in a thermal imaging system is 
mounted ona Peltier element and its temperature is thermoelectrically stabilized. 
Additionally, a flag with known temperature is placed with a period of some min- 
utes into the optical path of the camera for a recalibration of the detector array. 

Nowadays bolometer arrays are also operated without temperature stabiliza- 
tion [8]. This lowers the energy consumption of the cameras and allows a more 
compact camera design but increases the demands on the calibration process and 
the exact temperature determination of the detector array. Additional attempts 
are being made to develop a camera calibration process that makes the shutter 
dispensable [9, 10]. 


2.2.4 
Photon Detectors 


2.2.4.1 Principle of Operation and Responsivity 

Photon detectors convert absorbed electromagnetic radiation directly into a 
change in the electronic energy distribution in a semiconductor by the change in 
the free charge carrier concentration. This process is called the internal photoelec- 
trical effect. Solids as semiconductors exhibit a typical electronic band structure 
with energy bands or energy states (“allowed” electron energies) and energy gaps 
(“forbidden” electron energies) (Figure 2.5a,b). For radiation detection, the quan- 
tum energy of the photons, E = hv, must exceed an energy threshold, AE, which is 
the excitation energy of an electronic transition between the valence (uppermost 
band almost fully occupied by electrons) and the conduction band (lowermost 
band, almost completely unoccupied) or between an energy state within the en- 
ergy gap (caused by an impurity energy level) and an energy band. Figure 2.5c 
depicts different excitation processes. For the intrinsic photoeffect, there occurs 
an interband excitation of an electron-hole pair at photon energies exceeding the 
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Figure 2.5 (a) Simplified energy-band struc- the conduction band while leaving holes in 
ture of solids. Ey and Eç denote the upper the valence band. (c) Extrinsic photoeffect: im- 
edge of the valence band and lower edge of purities form localized electronic states within 
the conduction band, respectively. (b) Intrinsic the energy gap. Photons need much lower 
photoeffect: photons of varying energy hv energy for transitions between impurity levels 
(length of arrows) may excite electrons into and electronic bands. 


energy gap of the semiconductor. The extrinsic photoeffect describes the excita- 
tion of an electron or hole from an impurity level to the conduction or the valence 
band of the semiconductor, respectively. For this excitation, the photon energy 
must exceed the ionization energy of the impurity that is the energy difference 
between the impurity energy level and the corresponding band edge. 

Because of the energy threshold AE for photon detectors, the spectral sensitiv- 
ity region is limited by a cutoff wavelength A cutoff: 


he 


AE = hh oto = (2.22a) 
A cutott 
he 
J eutoft = AE (2.22b) 
The photon detector is only sensitive for v > Veutofp that is, A < Aecutof The re- 


sponsivity and the specific detectivity are strongly wavelength dependent. This 
behavior is caused by the fact that the detector acts as a photon counter and the 
detector signal corresponds to the number of incident photons Z adiation per unit 
of time, also known as the quantum flux. The responsivity is defined by the ratio 
of the detector signal to the incident radiative power ®,,g;ation (Table 2.1). If we 
assume a monochromatic radiation at a wavelength 4, the quantum flux Z can be 
calculated from the incident radiative power ®,,giation» and vice versa: 


z = ®, adiation =) P radiation or Ø Irez 


radiation adiation — radiation 
hv hc ia À 


(2.23) 


The responsivity is defined by the ratio of the detector signal to the incident 


radiant power ®adiation (Table 2.1). We may write the signal current from the de- 
tector as 
eÀ ® adiati 
Lsignal = enZ radiation a ee (2.24) 


where y is the quantum efficiency, which means the number of free charge carriers 
per incident photon. 
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Figure 2.6 Wavelength dependence of photon detector and thermal detector signals for 
constant incident radiant power (a) and quantum flux (b), respectively. 


Therefore, 
RI _ Tsignal _ enà , Lignal =en (2.25) 
radiation hc Z radiation 


The responsivity and the specific detectivity exhibit a spectral dependence pro- 
portional to the wavelength A (Figure 2.6). The highest possible responsivity of a 
photon detector for a quantum efficiency equal to unity (y = 1) depends only on 
the wavelength. 

This results in a theoretical triangular shape of the spectrally dependent re- 
sponsivity and detectivity curves for photon detectors. The deviation of the real 
spectral dependence (Figure 2.1) compared to the triangular-shaped curve results 
from the dependence of the quantum efficiency y near the cutoff wavelength. For 
our simplified model, we have used a step function for the quantum efficiency y, 
with y = 0 for À > A outo and y = 1 for À <A tog. Deviations from the step func- 
tion model (A) are due to different parameters, such as the spectral dependence 
of absorption coefficient, nonequilibrium carrier lifetime, carrier diffusion length, 
detector geometries, and so on. 

The quantum detector noise is dominated by different noise sources. Two 
groups of noise can be distinguished: dark current noise (e.g., Johnson—Nyquist 
noise, current noise, generation and recombination noise [1, 5]) and radiation- 
induced noise. For an ideal detector, noise is due only to radiation-induced noise 
contributions. The signal detection can then be limited by the signal noise or by 
the background radiation. 


cuto: 


2.2.4.2 D* for Signal-Noise-Limited Detection 

We assume that the detector receives only signal radiation causing a signal cur- 
rent J,ignq Without any additional radiation from the background. The shot noise 
current caused by the signal current (Eq. (2.24)) is [5, 11] 


2e2 7A Diona Af 
In = y 2elsigna AS = i (2.26) 
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and the NEP, for a signal-noise-limited detector becomes 


2hcAf T 2E photon 
mr y 
The NEP, depends only on the photon energy. For a wavelength À = 10 um, a 
quantum efficiency y = 1, anda bandwidth of A f = 1 Hz, we estimate an extremely 
low NEP of about 4 - 107% W. In this case, a photon flux of only two photons per 
second will produce a SNR equal to unity. 
The specific spectral detectivity D* (4) becomes dependent on the detector area: 


NEP, (A) = Af (2.27) 


DA) = 4) 2 (2.28) 


and for a detector area of 25 x 251m’, we obtain D*(A = 10 um, y =1,Af = 
1 Hz) = 6.3- 10! cmHz!/2 W7-!, This value must be considered an ideal theoret- 
ical result. It does not reflect the situation of a photon detector in an IR camera, 
which also receives background radiation. 


2.2.4.3 D* for Background Noise Limited Detection 
Now we consider a more realistic situation of a photon detector in our camera. 
The detector will be exposed to signal as well as background radiation. 

We can use Eq. (2.24) again for the calculation of the signal current. The noise 
current is modified by additional background radiation generating an additional 
noisy detector current. Modifying Eq. (2.26) we find 


2e? yà ( Dsignal T Dhackground) Af 


In = 2el signal = he 


(2.29) 

Earlier we discussed the extreme case where background radiation was negligi- 
ble. The other extreme would be if the photocurrent due to background radiation 
were the dominant noise contribution. 

Assuming that the signal radiation power can be neglected compared to the 
background radiation power and using the expressions for the signal current from 
Eq. (2.24) and the noise current from Eq. (2.29), we can write the specific spectral 
detectivity D% for a detector characterized by BLIP as 


BLIP 
À À 
— ee ee (2.30) 
Qhe ( —— ) 2hcEbackground 
A 


D 


D Bip) = 


with the irradiance Epackgrouna from the detector background. Note that Eq. (2.30) 
is valid for monochromatic background radiation with wavelength 1. It can be 
rewritten in terms of photon flux Z),ckgrouna? Which for a hemisphere is given by 
the absorbed background photon flux: 


A cutoff 
yr 
Z background = Ap Mı Q, T background) he dà (2.31) 
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Figure 2.7 Detector-aperture-defined FOV of a cooled detector for thermal background radia- 
tion. 


Now the value of Dj, ,»(A) can be derived for a detector in the presence of 
thermal background radiation (background temperature Tyackground) Within a 
FOV characterized by the full cone angle @ of the received background radiation 
(Figure 2.7). For hemispherical background, Eq. (2.31) gives the number of back- 
ground photons. For a limited FOV ofa @ linear angle as seen from the detector, 
the result of Eq. (2.31) must be multiplied by sin?(6/2). 

For the calculation of Dp), we assume a black background épackground = 1 
with uniform temperature Thackgroung: the triangular-shaped spectral responsivity 
distribution of the photon detector with quantum efficiency y = 1 for À <A cutof» 
and 0 for A > Acutog according to Eq. (2.25): 


-1/2 
A cutoff 


F _A..4if9 27c 
Dur) = ga” (2) TAT nage) 15 ET dà (2.32a) 


which can be approximated by 


=1 


1/2 
* P 0 4n(kT), k; u! D 1/2 _*c 
Dip) = sin (£) [ye X, (x2 + 2x, +2) [2 e7 


with dimensionless parameter x, for x, >> 1: 


hc 


Xe = Dp 
A kT background 


(2.33) 


* 


Figure 2.8 depicts D}; pA) according to Eq. (2.32b) calculated for a background 
temperature of 300 K and different aperture sizes. We assume that the housing 
that contains the detector and forms the aperture for the background radiation 
exhibits a temperature much lower than the background, for example, the temper- 
ature of liquid nitrogen Tehamber = 77 K. Therefore, the influence of the radiation 
from inside the detector housing on the D* value can be neglected. 
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Figure 2.8 Dj, ,, for an ideal photon detector depending on cutoff wavelength and field of 


view 8 for background radiation with Thackground = 300 K (ideal thermal detector for compari- 
son). 


According to the results shown in Figure 2.8, the specific detectivity of a BLIP 
photon detector can be increased by decreasing the FOV for thermal background 
radiation. The minimum aperture size in a thermal imaging system is given by 
the FOV of the camera optics. In addition to this limit, one must consider that 
we have disregarded all other detector noise processes (as dark current noise of 
the detector) for calculating D5, p. If the noise caused by background radiation is 
decreased by reducing the aperture size, the other noise processes become more 
important or even dominant. In this case, the aperture D* dependence saturates 
and the D* value is no longer background radiation limited. 

From this discussion we can draw another conclusion. If we want to limit the 
spectral range of a camera using spectral filters, these filters should be cold. The 
background radiation emitted by a cold filter at a low temperature, such as 77 K, 
can be disregarded. The detector receives only the background radiation within 
the spectral range given by the filter transmittance. This results in a decrease in 
background radiation striking the detector and can cause a further increase in the 
specific detectivity D*. 

If we assume the detector D>, |, to be at 2m FOV, the possible temperature res- 
olution of thermal imaging systems in the LW and MW regions can be compared. 
As will be shown subsequently in Section 2.3.3.2, the radiation temperature con- 
trast (change of excitance with object temperature change) can be calculated from 
the derivative of the spectral excitance M,(A, T) with respect to the object tem- 
perature T. This result can be related to the NEP by multiplying the derivative of 
M,(A, T) by D* (A). Finally, we must integrate this expression with respect to the 
wavelength region of the camera. 
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In this case (see also Eq. (2.3)), 
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(2.34) 


The result gives a measure of the possible temperature resolution of the detector. 

Figure 2.9 depicts the results of such a calculation for MW and LW systems. 
All influences of camera optics have been neglected, that is, only the detector 
properties will affect the result. For the calculation, a triangular-shaped wave- 
length dependence of the responsivity has been assumed for the photon detector 
and a constant responsivity for the bolometer detector. The marked areas in Fig- 
ures 2.9b, c represent the results of the integration and are a measure of the SNR 
for an infinitesimal temperature change of a 303 K object. The possible tempera- 
ture resolutions are related to the reciprocal surfaces of the colored areas in the 
LW and MW regions depicted in Figure 2.9. 

The ratio between the minimum resolvable temperatures in the LW and SW 
regions for both types of detectors can be calculated using the ratio of the colored 
areas. For the photon detector operated at the BLIP limit (FOV 2m with 300K 
background), the LW : MW ratio is 1 : 2.9 for 300 K object temperature. Photon 
detectors with BLIP performance allow a comparable temperature resolution of 
an IR camera in the LW and MW spectral regions. At higher object temperatures 
the MW detector surpasses the temperature resolution of the LW detector (Sec- 
tion 2.3.3). 

For a thermal detector with ideal performance, the LW : MW ratio is 1 : 11.2 for 
a 300 K object temperature. Compared to the LW region, the temperature reso- 
lution of a thermal imaging system equipped with thermal detectors will drop by 
almost one order of magnitude if it is used in the MW region. Therefore, thermal 
detectors are suitable only for MW imaging systems for higher object tempera- 
tures. 

Finally, we can compare the detector capabilities of the BLIP photon (FOV 2m 
with 300 K background) and the ideal thermal detectors for thermal imaging in 
the LW region. The LW (thermal detector) : LW (photon detector) ratio between 
the minimum resolvable temperatures is 1 : 0.51 for a 300 K object temperature. 
This demonstrates the capability of thermal sensors for thermal imaging in the 
LW region, although we must consider that the performance of a photon detector 
can be further improved by decreasing the FOV for background radiation and 
the fact that the performance of available thermal detectors does not achieve the 
theoretical D* limit. 


2.2.4.4 Necessity to Cool Photon Detectors 

IR photon detectors operating at BLIP conditions require cooling to low tem- 
peratures, as can be seen by the following argument. The cutoff wavelength 
of the detector corresponds to the gap energy (Figure 2.5 and Eqs. (2.22a) and 
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Figure 2.9 (a) Comparison of spectral de- 
pendent D* for BLIP photon detector (FOV 2m 
with 300 K background) and ideal thermal de- 
tector with 300 K detector temperature with 
dM,/ dT spectral dependence for an object 
temperature of Tobjet = 300K. (b) Compari- 
son of temperature resolutions of BLIP photon 
detectors in LW (8-14 um) and MW (3-5 um, 
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(2.22b)). For a photon detector with a 10 um cutoff wavelength, the energy gap 
is 124 meV. In general, the energy of photons is related to their wavelength via 
E(eV) = 1.24/A (um). The optimum situation for detector operation is achieved 
if only incoming photons with À < Acuto generate free charge carriers. Based 
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on the discussion of noise in photon detectors, one would expect that any addi- 
tional thermal excitation process of charge carriers over the energy gap would 
increase the noise. At a temperature of T = 300K, the thermal energy kT equals 
25.9 meV. Using the energy gap of the 10 um detector and this thermal energy, we 
can estimate the probability W of thermal carrier excitation using the Boltzmann 
equation (simplified model used): 


W = const. exp (- AE (2.35) 


ir) 
where const. accounts for transition probabilities, density of states, and so on. For 
A =10umand T = 300K, we obtain for the exponential part 8.3 - 10-°. Because of 
this rather large factor for the excitation probability and the high density of states 
in the semiconductor material, the equilibrium concentration of thermally excited 
free carriers is much larger than the nonequilibrium carrier concentration caused 
by the radiation absorption. This causes a large noise and a reduced sensitivity of 
the photon detector. 

However, if the temperature of the 10 um detector is reduced to the tempera- 
ture of liquid nitrogen T = 77 K (kT = 6.63 meV), the Boltzmann factor for the 
probability of thermal carrier excitation is reduced by six orders of magnitude to 
a value of 7.6 - 107°. Cooling down to low temperatures very efficiently decreases 
the free charge carrier concentration and therefore the noise in the photon detec- 
tor. The demand for cooling the photon detector to low temperatures increases 
with increasing cutoff wavelength owing to the decreasing energy for carrier ex- 
citation. Almost all 8—14 um photon detectors (for LW cameras) operate at about 
77 K. Detectors for the 3-5 um MW region are thermoelectrically cooled to about 
200 K or also to 77 K. The detectors for the 0.9-1.7 um SW region are thermoelec- 
trically cooled or are operated at room temperature. 


2.2.5 
Types of Photon Detectors 


Photon detectors can be subdivided into different types depending on the opera- 
tion principles. The most important photon detectors are classical semiconduc- 
tor detectors, including photoconductors and photodiodes, and novel semicon- 
ductor detectors, including photoemissive Schottky barrier, bandgap-engineered 
quantum well IR photodetectors (QWIPs), and InAs/GaSb-type II strained layer 
superlattices (T2SLSs). 


2.2.5.1 Photoconductors 

A photoconductor is a detector device composed of a single uniform semiconduc- 
tor material. Photoconductors monitor incident radiation via changes in the semi- 
conductor bulk resistivity. It is due to a creation of free charge carriers induced by 
absorbed photons. Any change in photoconduction is detected by measuring the 
current-voltage characteristic. 
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The responsivity of a photoconductor can be derived from Eq. (2.25), but with 
the addition of a gain factor g. This gain factor represents the ratio of the carrier 
lifetime 7 to the transit time for the carrier in the photoconductor. The latter is 
given by the ratio of the detector length to the carrier drift velocity [2]. If the car- 
rier lifetime is greater than the transit time, the photocurrent is amplified (g > 1). 
This gain can be understood from the following argument: if charge carriers live 
longer than their transit time, they will leave the detector at one electrical con- 
tact. For charge conservation reasons, they will be replaced by new (secondary) 
carriers at the opposite contact. The process will repeat again and again until the 
time reaches the carrier lifetime. As a result, many charge carriers are due to a 
single excitation mechanism, that is, the process can be regarded as a photocur- 
rent gain. All D* values calculated in Section 2.2.4 must be divided by a factor of 
V2 for photoconductors owing to additional recombination noise [3, 5]. 

The sensitivity of a photoconductor increases with the applied voltage or cur- 
rent. However, this goes along with the increased heat dissipation at the detector. 
As a consequence, large photoconductor arrays are difficult to cool. Moreover, the 
increase in operating current often leads to an increased 1/ f-noise behavior [5], 
which decreases the D* value. The photocurrent gain can also be increased by 
an increased carrier lifetime. Very sensitive photoconductors often exhibit much 
larger time constants than photodiodes. Regarding IR camera systems, long time 
constants are, however, not desirable. Detectors with larger time constants can 
only be operated at lower frame rates. As a result of these properties, photocon- 
ductors are not the photon detectors of choice for thermal imaging. 


2.2.5.2 Photodiodes 

Photodiodes consist of a p—n junction in a semiconductor. It is a photon-sensitive 
diode, producing a current or voltage output in response to incident optical ra- 
diation flux. The cutoff wavelength is determined by the energy gap of the semi- 
conductor used. 

For FPAs used in LW thermal imaging systems, mercury—cadmium-telluride 
(MCT) (Hg,_,Cd,Te) is the favorite semiconductor material. This II-VI com- 
pound is an alloy composition of the wide energy gap semiconductor CdTe (en- 
ergy gap 1.6 eV) and the semimetallic compound HgTe (energy gap —0.3 eV). The 
energy gap of Hg,_,Cd, Te is controlled by the relative portions of the two binary 
semiconductors. The dependence of the energy gap on composition can be ap- 
proximated by a linear dependence. For a composition of x = 0.196 at T = 77K, 
a cutoff wavelength of 14 um is observed [3]. 

Because of the strong dependence of the energy gap on composition caused 
by the strong variation of 1.9eV from CdTe to HgTe and the low energy gap of 
0.089 eV for a cutoff wavelength of 14 um, a composition uncertainty of only 2% 
(x = 0.196 + 0.004) will cause a variation of the cutoff wavelength by AA cutoff = 
+0.51 um, that is, A tog = (14 + 0.51) um. Therefore, MCT detectors pose prob- 
lems in detector arrays. Small composition changes lead to changes in cutoff wave- 
lengths and, therefore, also changes in NEP and D* at fixed wavelength. 
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Therefore, the very complex technology and the demand for composition ho- 
mogeneity of this material result in very high prices for two-dimensional detec- 
tor arrays with a large number of detectors. Modern fabrication methods such 
as molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition 
(MOCVD) increase the manufacturability of this material and will hopefully lead 
to lower prices in the future. 

MCT is also used for FPAs in the MW spectral region (3—5 um). However, in this 
spectral region, it competes directly with InSb. InSb is the most highly developed 
and widely used semiconductor material in the 1-5 um spectral region and one of 
the most sensitive detector materials available in the MW spectral region. Com- 
pared to Hg,_,Cd,,Te, the technology of InSb is less complicated [12] and enables 
large detector arrays of reasonable uniformity with more than 1 megapixel. The 
energy gap of this material is only temperature dependent and amounts to 0.23 eV 
at T = 77 K, causing a cutoff wavelength of about 5.4 um. The excellent detector 
performance results in an operation that, similar to MCT, has a D* value close to 
the BLIP limit (Figure 2.1). Many modern MW IR cameras use InSb detectors. 

In recent years, progress for the SW spectral region (0.9—1.7 um) was due to 
intensive technology development of the II-V compound semiconductors based 
on the binary semiconductor compounds GaAs and InAs. Today, it is possible to 
obtain high-sensitive and high-speed In,_,Ga,As photodiodes and photodiode 
arrays for the near-IR spectral region. In,_,Ga,As is an alloy consisting of GaAs 
(energy gap 1.43 eV corresponding to a cutoff wavelength of 0.87 um) and InAs 
(energy gap 0.36 eV corresponding to a cutoff wavelength of 3.4 um). The energy 
gap of the alloy can be tailored to the wavelength of interest by controlling the 
mixing of the two binary compounds. 

The basic operational principle used in photodiode arrays of imaging systems 
is the external current flow to a readout circuit (short circuit current or reverse 
bias operation) caused by the incident IR radiation. The incident photon with a 
quantum energy larger than the gap energy of the semiconductor is absorbed, ex- 
citing an electron-hole pair. During their lifetime (average time from generation 
to recombination), the charge carriers move within the diode owing to diffusion 
processes. The average distance is the diffusion length. If the electron-hole pair 
is generated inside the depletion layer or at a maximum distance of one diffu- 
sion length from the depletion layer, the electron—hole pair will be separated by 
the electric field of the p—n junction. The electron moves into the p-type region 
and the hole moves into the n-type region, causing a current to flow. This photo- 
generated current is given by Eq. (2.24) and resembles a reverse current in the 
photodiode. Mostly photodiodes are operated with reverse bias. The reverse bias 
widens the depletion layer that causes a decrease in the junction capacitance and 
allows a faster detector response due to the decreased time constant r = RC of 
the photodiode. Typical photodiode time constants range from nanoseconds to 
microseconds, which allow frame rates of some 100 kHz. Additional limitations 
on the readout process are discussed in Section 2.4. 

Using the reversed bias operation mode, the photodiode can also decrease 
the dark current noise [5]. The maximum increase in the specific detectivity D* 
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amounts to a factor of V2 if Johnson—Nyquist noise is the dominant noise process 
in the photodiode. 


2.2.5.3 Schottky Barrier Detectors 

A variety of metal films on semiconductors can form Schottky barriers [2]. For 
IR applications, Schottky barriers on silicon are used [3]. The use of a silicon- 
based technology for IR detectors is advantageous for the construction of FPAs 
since monolithic integration of the IR sensor arrays with the readout circuit 
becomes possible. The complete technological process is similar to the well- 
developed standard silicon very-large-scale integration/ultra-large-scale integra- 
tion (VLSI/ULSI process) for silicon-integrated circuits. This results in lower 
defect rates, excellent homogeneity of the detectors in FPAs (response nonuni- 
formity of less than 1% in large arrays), and cheaper manufacturing. 

The most important metal used is platinum (Pt). Figure 2.10 depicts the typical 
structure of a Schottky barrier photodiode formed by Si/PtSi. These detectors act 
via the process of internal photoemission over the Schottky barrier height ¥ (W = 
0.22 eV for Pt/PtSi). The Si/PtSi Schottky barrier detector is cooled to T = 77 K. 
IR photons of energy hv with ER > hv = Y can pass the silicon (ES = 1.1 eV) but 
are absorbed in the silicide, thereby generating an electron-hole pair. 

Photoexcited holes can diffuse to the Si/PtSi interface. The electrons accumu- 
late on the silicide electrode and can be transferred to a readout circuit. The low 
quantum efficiency of Schottky barrier detectors (typically 0.1-1%) is due to the 
fact that the absorption of the IR photons is weak (thin silicide layer) and only a 
small number of photoexcited holes can cross the barrier. Therefore, an additional 
A/4 cavity with a dielectric layer and an aluminum reflector is used to enhance the 
photoemission process. 


2.2.5.4 Quantum Well IR Photodetectors 

The development of modern methods of crystal growth such as MBE and MOCVD 
allows for the fabrication of semiconductor heterostructures. Different lattice- 
matched semiconductor materials can be deposited in a perfect crystalline struc- 
ture with atomic thickness resolution. The combination of different semiconduc- 
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Figure 2.10 (a) Typical structure of a Schottky barrier IR sensor and (b) the operation principle 
(for detailed description, see [3]). 
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tor materials with different bandgaps in heterostructures causes a spatial variation 
of the conduction and valence band edge. Tailoring of the band edge distribution 
becomes possible by variation of semiconductor materials and the layer thickness. 
This method is called bandgap engineering. For the simplest case, an alternating 
sequence of abruptly changing materials such as GaAs and Al,_,.Ga,As results 
in a cascaded band edge distribution (Figure 2.11). For small layer thickness in 
the nanometer range, drastic changes in the electronic and optical properties are 
observed due to quantum effects. 

The band edge distribution forms alternating quantum wells and barriers for 
the electrons and holes. For an adequate layer composition and thickness in the 
nanometer range, quantized energy levels occur within the quantum wells (for 
a more detailed discussion of charge carrier behavior and thewavefunctions of 
charge carriers within a box-shaped potential, see [14]). These energy levels are 
called subbands. An incident photon can excite an electron from the ground to the 
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Figure 2.11 Structure and energy-band diagram (a) as well as excitation of electrons (b) in 
biased GaAs/AlGaAs QWIP, after [13]. 


129 


130 


2 Basic Properties of IR Imaging Systems 


hv hv hv hv 
pS 
Bound to bound Bound to continuum 
A 
og 1 i i 
[sv 
«2 
Q 
a 0.5 + => 


=y 


Àpeak À Àpeak 


Figure 2.12 Typical spectral responsivities of bound excited state and continuum QWIPs. 


first excited state subband if the photon energy equals the energy gap of these two 
subbands (Figure 2.11). This energy gap is much smaller than the energy gaps of 
the two semiconductors used and corresponds to quantum energies of photons 
within the IR spectral region. The narrow quantum well causes very low quan- 
tum absorption efficiency. To increase this efficiency, a multiple-quantum-well 
(MQW) structure with 50 or more quantum wells is used. The QWIP responsiv- 
ity spectra are much narrower and sharper than the spectra of intrinsic detectors 
owing to their resonance intersubband absorption. The spectral dependence of 
the responsivity of QWIPs can be tailored from narrow (A4 /A ~ 10%) for bound 
excited states to wide (Al /A ~ 40%) for excited states in the continuum band just 
above the energy barrier [13, 15] (Figure 2.12). 

The spectral bandwidth of QWIPs can be further increased by replacing a single 
quantum well staple with a superlattice structure consisting of staples of several 
quantum well types separated by very thin barriers [16]. 

In QWIPs, the photocurrent gain depends on the operating bias voltage and 
varies from about 10 to about 50%. This behavior is connected to the probability 
of electron capture into the quantum wells while traveling to the contact of the 
detector. Typical time constants of QWIPs are in the millisecond range, that is, 
higher than the time constants of photodiodes. This limits the maximum frame 
rate of aQWIP FPA camera. 

For the operation of QWIPs, low detector temperatures are required, typi- 
cally T = 77K. With decreasing temperatures, the number of thermally excited 
charge carriers decreases strongly according to the Boltzmann distribution func- 
tion. This results in an increasing responsivity. Furthermore, the noise current 
in a QWIP, which limits the NEP or its D* value, also strongly decreases with 
detector temperature. The dominant noise in QWIP devices is due to the shot 
noise resulting from the dark current in the detector. The dark current originates 
from three main processes: quantum-well-to-quantum-well tunneling, thermally 
assisted tunneling, and classical thermionic emission. The last mechanism de- 
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Figure 2.13 Predicted spectrum-dependent maximum Dow at peak wavelength for QWIP 


detectors operated at 77 K [17] compared to D5, p for photon detectors at 27 FOV and 300 K 
background temperature. 


creases the responsivity and establishes the major source of the dark current at 
higher operation temperatures. The maximum D* values for a given peak re- 
sponse wavelength (A...) and detector temperature for GaAs/AlGaAs QWIPs 
were empirically fitted to measurement results [17]: 


hc 


D* wp = 1.1- 10° exp (acts 
2A peakk T 


QWIP ) cm Hz!/2 W7! (2.36) 
This equation was used to predict the limit of D* of a QWIP as a function of peak 
wavelength and for T = 77 K (Figure 2.13). 

A variety of III-V semiconductor combinations are used for QWIPs, such as 
GaAs/AlGaAs, InGaAs/InP, InGaAs/InAlAs, and AlGaInAs/InP, covering the 
spectral range from 3 to 20 um. QWIPs are the only genuine narrowband IR de- 
tectors and are therefore ideally suited for narrowband applications (Chapter 8). 
In addition, they can be used as bi- or multispectral sensors. Such multispectral 
sensors can be assembled in a stack arrangement of QWIPs (independently con- 
tacted) with different peak wavelengths [18]. A modern approach to bispectral 
detectors are QWIPs operating in two different spectral regions with switchable 
sensitivity from the LW to the MW by increasing the bias voltage. 

QWIPs have made their way from the laboratory to commercial high-perfor- 
mance thermal imaging systems with megapixel FPAs [19]. QWIPs offer high 
thermal resolution (some mK), spatial resolution, excellent homogeneity, low 
fixed pattern noise, low 1/f noise, high pixel functionality, and high yield at 
moderate cost. 
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2.2.5.5 Recent Developments in IR Detector Technology 

Many new IR detectors have been designed in recent years. This section will pro- 
vide a brief overview of selected new developments in photon detectors [20]. In 
short, the main hot topic nowadays is superlattice detectors. These can be com- 
bined with barrier layers to reduce dark currents, and they can be specifically 
tuned to wavebands and allow for multiple-waveband detection. 

One of the main objectives for improvements in IR photon detectors is the re- 
duction of dark currents as the limiting noise source. In other words, decreasing 
dark currents in detector technology is the key factor to improving detector per- 
formance. 

MCT will continue to be the semiconductor material of choice for the highest- 
quality IR FPA devices [20]. The intense research and technological work being 
conducted on MCT concentrate on improving epitaxial layer growth and sub- 
strate materials for the epitaxy, extrinsic doping, reduction in dark currents using 
a heterostructure or barrier devices, and reduction in pixel size. 

One of the driving forces in detector development resulting in new detector ar- 
chitectures is an external one: many applications nowadays require a fast response 
and—even more importantly—increased detector operating temperature because 
of the need for reduced power consumption for detector cooling. Therefore, high 
operation temperature (HOT) detectors made from MCT in the MW band rep- 
resent a current research interest [21, 22]. 

Conventional MCT p-n junction photodiodes are operated at very low tem- 
peratures, typically at 77 K. At these temperatures the diffusion current domi- 
nates within the p—n junction. It arises from the thermal excitation of charge car- 
riers over the semiconductor bandgap. In MCT as well as in other compound 
semiconductors, imperfections in the crystal lattice, for example vacancies or in- 
terstitial atoms, lead to energy levels within the bandgap of the semiconductor, 
called Shockley-Read—Hall (SRH) traps (Figure 2.14a). These traps act as addi- 
tional sources of generation and recombination processes in the semiconductor 
and thus make additional dark current contributions, in particular since their as- 
sociated excitation energies are below the actual bandgap energy. Therefore, SRH 
trap generation—recombination (G—R) currents become dominant at higher de- 
tector temperatures, leading to a strong increase in the total dark current in the 
diode (Figure 2.14b). 

If it is possible to suppress these G—R currents, the detector performance will 
improve at any given operating temperature. Alternatively, the detector may be 
operated at a higher temperature without any loss of detector performance com- 
pared to a conventional detector at a lower operating temperature. 

With the improvements in MCT detector technology, the first complete cam- 
era systems were demonstrated at an operating temperature of 150 K with a cut- 
off wavelength of 5 um, a pixel pitch of 15 um, and a temperature resolution bet- 
ter than 20 mK. The elevated operating temperature enabled a decrease in power 
consumption to less than 2 W [23]. Such systems meet the application require- 
ments for small size, weight, and power (SWaP) configurations. 
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Figure 2.14 (a) Conventional p-n junction photodiode with dark and photocurrent mecha- 
nisms. (b) Temperature-dependent dark current in a photodiode, and the effect of generation- 
recombination current suppression. 


A promising idea for suppressing the trap-induced G—R currents (or other leak- 
age currents) was first discussed by A.M. White in 1983 [24]. He proposed to 
change the conventional detector architecture by introducing a blocking barrier 
for these kinds of charge carrier transport (Figure 2.15a). In his concept White 
assumed a heterostructure consisting of a thin wide-bandgap layer sandwiched 
between two narrow-bandgap regions. One of the narrow-bandgap regions acts 
as the absorption layer, the other as the contact layer. The typical problem with 
two adjacent layers is that they simultaneously shift the energies of both the va- 
lence and the conduction bands. 

White’s layer model (Figure 2.15b) assumes that only one of the bands shifts (in 
the figure, the conduction band). In sucha structure, the thin wide-bandgap layer 
forms a blocking layer for the majority carriers of the narrow-bandgap regions 
(here the electrons in the n-type semiconductor) but allow the minority carrier 
to flow (here the holes) [25]. Therefore, G—R currents are effectively suppressed. 
In contrast, IR radiation in this example is absorbed in the n-type region to the 
left of the barrier. Therefore, both photoelectrons and holes can move freely and 
generate the detected photocurrent. 
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Figure 2.15 (a) Heterojunction as a charge-carrier-blocking barrier. (b) Suppression of SRH 
G-R current by introducing wide bandgap layer. 


Theoretically this new concept for IR detector architecture is in principle not 
limited to specific semiconductor materials; however, in practice the associated 
solid-state physics imposes restrictions. Unfortunately, the standard IR detector 
materials, such as MCT and InSb, do not allow one to easily use such heterostruc- 
tures with zero band-offset barriers. There have been successful attempts at im- 
plementing such heterostructure architecture in MCT [26]. However, the exis- 
tence of band offsets for minority carriers limits the performance of these detec- 
tors [25]. 

However, such structures can be implemented with a new system type, so-called 
superlattice detectors. In general, superlattices are periodic heterostructures of 
the type ABABAB... made of two semiconductor materials, A and B. Let us first 
discuss superlattice IR detectors before returning to additional barriers for noise 
reduction. 

Superlattices of InAs/GaSb for IR detection were first suggested in 1977 [27]. 
The nanolayers of the two different semiconductors are alternately deposited on 
each other, forming a periodic structure in growth direction (Figure 2.16a). Such 
artificial periodic (super-)lattices have completely new semiconductor properties 
similar to quantum wells (Section 2.2.5.4). Their band structure is caused by the 
overlapping electron wavefunctions between the nanometer-wide adjacent thin 
layers. 

The first high-performance IR detectors and FPAs based on superlattices were 
reported in the late twentieth century [28] using strained layers of I-V com- 
pound semiconductors InAs and InGaSb on GaSb substrates [29]. The LW detec- 
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Figure 2.16 (a) Alternating layer structure forming an InAs/(InGa)Sb superlattice. (b) Alter- 
nating band structure in a type Il InAs/(InGa)Sb superlattice. (c) Formation of minibands and 
bandgap in an InAs/GaSb superlattice. 


tor had a photoresponse up to a wavelength of 10.6 um at an operation tempera- 
ture of 78 K. This initiated significant advances in IR detector technology [28]. 

In the last few years most of the research and technological development has 
been done in connection with InAs/(In,Ga)Sb systems. Superlattices made from 
these two materials are called type II strained layer superlattices. The strain is 
due to the small lattice mismatch of less than 1% of InAs on GaSb. If both the 
valence and the conduction band edge of the second material are above the band 
edges of the first material, the system is called a type II band-aligned superlattice 
(Figure 2.16b). 
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Figure 2.17 Photoresponse spectrum of a perature of 80 K. The layer thickness of InAs 
series of GaSb/InAs superlattices grown un- changed from 4nm (13 monolayers) up to 


der identical conditions with fixed GaSb layer 6.6 nm (22 monolayers) (after [30]). 
thickness of 4nm (13 monolayers) at a tem- 


As a result of the quantum effects in the nanolayer superlattice structure, mini- 
bands for electrons and holes are formed in the superlattice (Figure 2.16c). The 
bandgap between the minibands is used for the detection of IR radiation. It can 
be tailored by varying the thickness of the constituent superlattice layers, that is, 
number of monolayers. This offers the possibility of tuning the sensitivity of such 
superlattice structures within a broad spectral range. For InAs/GaSb superlattices 
the tunable bandgap range makes it possible to use these structures for IR detec- 
tion in a range from 3 to 30 um, as illustrated by the photoresponse signals in 
Figure 2.17 [30]. 

IR detectors made from InAs/(In,Ga)Sb type II strained layer superlattices com- 
bine the advantages of InSb of, first, increased uniformity and, second, signifi- 
cantly lower cost per pixel compared to MCT. Therefore, they are the material of 
choice for large-scale FPAs. They exhibit smaller dark currents than InSb photo- 
diodes, resulting in less noise, that is, lower NETD values. 

The construction of superlattice detectors allows for an independent tuning of 
the valence and conduction band edge positions. This makes it possible to intro- 
duce the previously discussed barrier layers for noise reduction. Klipstein [31, 32] 
proposed the so-called bariode (short for “barrier diode”) with a unipolar charge- 
carrier-blocking barrier. A broad family of eight different band profile configura- 
tions in such barrier detectors has been considered [25, 33]. Such I-V super- 
lattices constitute a very flexible system, and a combination with barrier hetero- 
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junctions is straightforward and fundamental for the future development of IR 
detectors. 

Bandgap engineering within modern technological processes allow complex 
layer systems with homo- and heterojunction structures, additional unipolar car- 
rier structures with an accuracy in the range of monolayer thickness. This will 
lead to the development of a large variety of new IR detector structures. 

The great potential of III-V strained layer superlattice IR detectors, especially 
of an InAs/(In,Ga)Sb material system, which will most probably form the basis for 
the next generation of IR imagers, can be summarized as follows [28, 31, 32, 34]: 


e II-V superlattice technology is well known and established using molecular 
beams. 

e The growth of lattices on inexpensive GaAs substrates (instead of GaSb) has 
been successfully demonstrated. 

e The performance of type II strained layer superlattice (T2SLS) detectors has 
reached a comparable level with state-of-the-art MCT detectors. 

e T2SLS detectors will cover a much wider range of the IR spectrum from the 
SW to way beyond the presently used LW (this may be particularly interesting 
for IR astronomy). 

e Barrier structures can be introduced in T2SLS detectors to lower the dark cur- 
rent and to improve the detector’s detectivity. 

e T2SLS detectors with barriers allow high operating temperatures up to 150K 
for MW arrays with lower cooling power requirements. 

e T2SLSs allow megapixel FPAs. 

e Last but not least multispectral IR photodetectors and imagers can be made 
from T2SLS (see subsequent discussion). 


A few examples of complete camera systems will confirm these statements. 


a) High-Operating-Temperature Cameras 
High-operating-temperature T2SLS arrays in MW cameras have been success- 
fully demonstrated (Figure 2.18) [33, 35, 36]. These detector arrays can be op- 
erated in the BLIP regime up to 180K, and the camera offers a NETD of 20 mK 
limited only by shot and readout noise. Qualitative images may even be recorded 
for temperatures up to 225 K! 

This excellent detector performance became possible by the introduction of a 
heterostructure barrier into the detector architecture (Figure 2.19a) [33, 35]. 

The absorption layer can be made of (In,As)Sb or InAs/GaSb type II SLS. The 
barrier layer made of (Al,As)Sb suppresses the G—R currents in the detector (Fig- 
ure 2.19b). The decreasing dark current causes lower noise and results in an in- 
creased detector detectivity. Moreover, the barrier detector offers the same per- 
formance as conventional detectors without the barrier structure, such as InSb 
photodiodes, however at higher operating temperatures. 
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Figure 2.18 MW images of a person at FPA temperatures between 103 and 225 K for an n-type 
bariode InAs/(In,Ga)Sb superlattice FPA. © Courtesy of SemiConductor Devices (SCD), Haifa, 
Israel. 


b) Dual-Band MW Camera 

Compared to state-of-the-art conventional “monospectral” broadband IR cam- 
eras, which measure the spectrally integrated object radiation within a given IR 
band (SW, MW, or LW), a multispectral camera will also give information about 
the spectral signature of the emitted radiation. This can be a decisive advantage 
for the characterization of nongray emitters like, for example, gases or plastics. 

Owing to the development of InAs/GaSb superlattice detector technology in 
recent years, dual-color detector arrays for the MW became available [37—39]. 
These detectors are characterized by a backside-illuminated sandwich structure 
of two pin-photodiodes (Figure 2.20) [38]. 

The different structures of the superlattices used in the two sandwich diodes al- 
low the simultaneous detection of IR radiation in two spectral channels. The bot- 
tom diode (blue channel) detects the shorter MW and the top diode (red channel) 
detects the longer MW IR radiation. Today FPAs with 288 x 384 pixels are avail- 
able and arrays with 640 x 512 pixels are under development. The detectors are 
sensitive in the 3—4 um wavelength range for the blue channel and in the 4-5 um 
range for the red channel. For short integration times of 0.2 ms the blue channel 
offers about 25 mK and the red channel about 15 mK NETD, respectively [38]. 
These dual-color detectors are ideally suited, for example, for the remote detec- 
tion of carbon dioxide as a result of the strong CO, absorption around 4.3 um, 
which only affects the radiation signal of the red channel (4—5 um). Figure 2.21 de- 
picts the IR images ofa man holding a burning candle in the blue and red channels, 
respectively. The subtraction image clearly demonstrates the hot carbon dioxide 
emission around the central flame (details on gases can be found in Chapter 8). 
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Figure 2.19 (a) Bandgap diagram of nBn barrier detector (n-type bariode InAs/(In,As)Sb su- 


perlattice detector) and typical 


device structure with absorber thickness of a few micrometers. 


(b) Dark current reduction by barrier structure compared to InSb standard photodiodes. 
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Figure 2.20 (a) Schematic cross section (side 
view) of a backside-illuminated dual-color 

photodiode. Short wavelengths are absorbed 
in the lower photodiode, longer wavelengths 
in the upper diode. (b) Scanning electron mi- 


c) Dual-Band LW Camera 


croscope image (front view) showing pixels of 
a completely processed 288 x 384 InAs/GaSb 
SL dual-color FPA. © Courtesy of Fraunhofer- 
Institut für Angewandte Festkörperphysik IAF, 
Freiburg 2007. 


Dual-band IR detection in the LW was demonstrated for the first time on type II 
superlattices. The quantum efficiencies in the two spectral channels (blue channel 
with a cutoff wavelength of 9.5 um and red channel with 12.5 um cutoff) can be 
controlled by the applied detector voltage (Figure 2.22) [40]. At an operating tem- 
perature of 81 K, a detector with 640 x 512 pixels (and 30 um pixel pitch) has mini- 
mum NEDTs of about 20 mK (30°C object temperature) in both spectral channels 
at integration times below 1 ms. Therefore, these superlattice dual-band FPAs are 
competitive with state of-the-art single-band conventional LW imagers using low 


integration times. 
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Figure 2.21 IR images of aman holding a traction image after [38]. © Courtesy of Fraun- 
burning candle taken with a 288 x 384 dual- _hofer-Institut fur Angewandte Festkörper- 
color InAs/GaSb SL camera. (a) Blue channel physik IAF, Freiburg 2007. 

(3-4 um). (b) Red channel (4-5 um). (c) Sub- 
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Figure 2.22 (a) Principal structure of dual- channel (A < 12.5 um). An 11.3 um narrow- 
channel detector and spectrum-dependent band filter was held in front of a flame. Image 
D* for different detector biases at 77 K oper- courtesy M. Razhegi, Center for Quantum De- 
ating temperature (after [40]). (b) IRimagein vices, Northwestern University, Evanston, IL, 
blue channel (A < 9.5 um). (c) IRimageinred USA. 
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(a) (b) 


Figure 2.23 (a) FLIR SC6750SLS LW camera at 640 x 512 pixels. (b) Example image of a tire at 
a speed of 85 mph (137 km/h) with 50 us camera integration time. Image courtesy for the IR 
image: FLIR Systems Inc. 


d) Commercial System 

The first cameras with strained layer superlattice detector arrays are now com- 
mercially available. Figure 2.23 depicts the FLIR SC6750SLS sensitive in the 7.5-— 
9.5 um LW wavelength range at 640 x 512 pixels with a detector pitch of 15 um 
(for details see [41]). The SLS detector is operated at 77 K by a closed cycle Stir- 
ling cooler. The temperature resolution of the camera is characterized by a NETD 
below 30 mK for 30 °C object temperature. The very fast SLS detectors allow user- 
selectable integration times down to 500 ns. 


2.3 
Basic Measurement Process in IR Imaging 


2.3.1 
Radiometric Chain 


The basic measurement process in radiation thermometry is described us- 
ing the concept of the radiometric chain, including all phenomena influenc- 
ing the detection of the radiation emitted by an object at a certain temperature 
(Figure 2.24). 

The radiometric chain starts with the emission of thermal radiation by the ob- 
ject at a temperature Topject: To describe the basic measurement process, we al- 
ways use radiant power contributions @, (i indicates the contribution mecha- 
nism) to the detector signal. These values are related to other radiometric quanti- 
ties (Table 1.3), and they shall include such camera properties as the detector FOV, 
the spectral response of the detector, the transmittance of the camera optics, and 
so on. 

To simplify matters, we limit the following discussion to opaque gray body ob- 
jects (Section 1.4.2). The radiant power of the object Dopsece(Topject) compared 
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Figure 2.24 Radiometric chain - basic measurement process for opaque objects. 


BB 
object 


to the radiant power of a blackbody ® (T object) is given by Dopject(T object) = 


EDs rect T object) The reflectivity of the opaque gray object is given by R = 1 — g, ac- 
cording to Eq. (1.29). The object receives thermal radiation from its surrounding 
at ambient temperature T mp and will reflect the radiant power RØ mbl Tamb) = 
(1 — €)®,..5(Tamp)- The ambient temperature is often indicated as apparent re- 
flected temperature. The radiant power emitted and reflected by the object to- 
ward the camera must pass through the atmosphere. Because of the absorption 
and scattering processes in the atmosphere, the radiant power is attenuated. This 
can be described by multiplying the radiant power contribution from the object 
and the surroundings by the atmospheric transmittance T tm: If one assumes that 
the atmospheric transmittance is dominated by only absorption losses (scatter- 
ing mechanism neglected), the atmosphere at a temperature Ttm will also emit a 
radiant power (1 — T tm) Datm (T atm): 

Therefore, the camera detects a radiant power mixture with contributions from 
the object, the surroundings, and the atmosphere. The total radiation power in- 
cident on the detector ®,,, can be written as 


Diet m Fyn Orica T object) F Tatm(1 £)Damb( Tamb) T a _ Tatm) Patm(T atm) 
(2.37a) 


Strictly speaking, Eq. (2.37a) represents the spectral radiant power. To calculate 
the detector signal, this equation must be integrated over the wavelength to ac- 
count for the spectral dependence of detector responsivity and atmospheric trans- 
mission. 

For blackbody radiation (e = 1) and short measurement distances (T,,,, = 1), 
the radiant power ®,,, equals the object radiant power. This behavior is used for 
the camera calibration process (Section 2.4.5). 

An IR camera measures radiance. Therefore, from energy conservation, the sig- 


nal “brightness” will be independent of the measurement range if Tam = 1. 


144 


2 Basic Properties of IR Imaging Systems 


The radiant power emitted by the object can be calculated from 


Da a-e) (1 — Tatm) 
ore (Tobject) = T 2 © cai, Tamb) = SS Patin(Tatm) 


object 
atm 


atm 


(2.37b) 


The value of ®,,, is determined from the measured sensor signal. According to 


Eq. (2.37b), the following parameters are necessary for the correct evaluation of 
BB i 

object T object): 

e object emissivity €, 

e ambient temperature T mb» 

e atmospheric temperature T tm: and 


e atmospheric transmittance T tm- 


The values for object emissivity, the ambient temperature, and the atmospheric 
temperature can be entered directly into the camera software. The atmospheric 
transmittance is calculated by the camera software using the LOWTRAN model 
(Section 1.3.2). For the calculation of the atmospheric transmittance, the atmo- 
spheric temperature, the relative humidity, and the measurement distance are the 
necessary input parameters. 

The object temperature is determined on the basis of the object radiation 
power Dopiece(T object) (Eq. (2.37b)) using the calibration curve of the camera 
(Section 2.4.5). 

It is quite obvious that the described radiometric chain is very sensitive to any 
external influences on the radiation power detected by the camera. Any vari- 
ation in the object emissivity within the measured area or a background with 
a spatial temperature variation requires a correction of the measured radiation 
power for all camera pixels. The necessary accuracy of the correction increases 
with decreasing object emissivity, that is, increasing reflectance contributions. 
Figure 2.25 illustrates the portion of object radiation (first term in Eq. (2.37a)) 
with regard to the total detected radiation as a function of emissivity for MW and 
LW cameras with constant spectral sensitivities in the 3-5 or 8—14 um wavelength 
ranges, respectively. 

On the one hand, object radiation contributions are lower for the LW than for 
the MW range; on the other hand, they are decreasing for decreasing object tem- 
perature. The background is not only a source for reflected radiation from the ob- 
ject, but it also serves as a reference. The object is seen in front of a background 
of given temperature, and whether the object can be distinguished from the back- 
ground depends on the thermal contrast between object and background. 

Figure 2.26 depicts the difference between object radiation and background 
radiation normalized to the object radiation. Obviously, if the object and back- 
ground have identical temperatures, thermal imaging cannot identify any object, 
irrespective of emissivity. Differentiation starts if | Topject — Tamb| > NETD. 

Additional optics, filters, windows, and so on can have a strong influence on 
the detected radiant power and its object-temperature dependence. For a correct 
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Figure 2.25 Portion of object radiation with regard to total radiation received by camera for 
different object emissivities at different object temperatures and at an ambient temperature of 
22°C. 
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Figure 2.26 Difference in object radiance and background radiance normalized to object 
radiance at background temperature of 22°C and different object temperatures. 
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temperature measurement or signal correction, the complete radiometric chain 
with all additional elements must be analyzed carefully. This consideration re- 
sults in a more complex relationship, as shown in Eq. (2.37b), with all computable 
influences of the additional elements in the radiometric chain. 


2.3.2 
Wavebands for Thermal Imaging 


Adapted to the atmospheric transmission windows for IR radiation, commercial 
IR cameras are available mostly for the following three spectral ranges (Figure 1.8): 
SW (0.9-1.7 um), MW (3-5 um), and LW (8-14 um). Figure 2.27 depicts these 
ranges as blue (SW), green (MW), and red (LW), shaded areas together with the 
normalized spectral responsivity curves of the detectors of a number of IR cam- 
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Figure 2.27 Typical relative spectral responsivity curves Res, of various thermal imaging 
systems at shorter (a) and longer (b) IR wavelengths. 
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For any given spectral response Res(A) the temperature-dependent object sig- 
nal (camera output signal, Section 2.4.5) can be easily calculated when assuming 
blackbody objects of temperature T bject characterized by their spectral excitance 
MA): 


bjec 


S cameral Tobject) = const. | Res, My (Torject) dà (2.38) 


For quick estimates it is sometimes useful to simplify this calculation. First, one 
may use the top-hat approximation, that is, assuming a constant spectral response 
within the camera waveband and zero response outside this waveband. This gives 


Ay 
ScameralT object) = Const. | M3 (T object) dÀ (2.39a) 
Ay 
with 
[0.9 um, 1.7 um] for SW 
MA2] = 4 [3 um, 5 um] for MW (2.39b) 
[8 um, 14 um] for LW 
Obviously, in this case, one just needs to compute the corresponding band emis- 
sion (Section 1.3.2.5). 
As a second (slightly less accurate) approximation, the spectral excitance M, 


for a given object temperature may be approximated by its value at the center 
wavelength of the waveband multiplied by the width of the waveband: 


Sobject( Tobject) = const. M iccenter)( object) ` >, a Ay) (2.40) 


When using this approximation we employ the following center wavelengths: 


1.3um for SW 
A(center)=44um for MW (2.41) 
llum forLW 


Figure 2.28 compares the two approximations of Eqs. (2.39) and (2.40) with the 
full calculation according to Eq. (2.38) for an InGaAs SW camera, an InSb MW 
camera, and a bolometer LW camera. Obviously, the temperature dependence 
of the true camera object signal, which takes into account the spectral camera 
response, can be approximated with reasonable accuracy using the corresponding 
waveband or center wavelength of the waveband. 


2.3.3 
Selecting the Appropriate Waveband for Thermal Imaging 


Anyone planning to use IR cameras must first decide upon the type of camera 
for the problem to be investigated. The focus here will be only on measuring ob- 
ject temperatures using black or gray body objects (selective absorbers/emitters, 
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Figure 2.28 Temperature-dependent object signal Eq. (2.38) (black) may be described reason- 
ably well with approximations according to Eqs. (2.39) (red) and (2.40) (green). 


discussed in Section 3.2 and Chapter 8). For any given problem, the two most 
important experimental parameters that have an influence on camera choice are 
usually predefined: first the expected object temperature, and second the object 
material and orientation, described by the emissivity. These two parameters de- 
fine the amount of object radiation that is directed toward the lens of an IR cam- 
era. In addition, the medium between object and camera, usually the atmosphere, 
will alter the radiation spectrum owing to the selected absorption (Figure 1.45). 

Assuming that, in principle, IR cameras of all three commercially available 
wavebands (SW, MW, and LW) are suitable for thermal imaging, the obvious 
first question is which camera waveband is best suited for a given problem (the 
second, perhaps more important, question would be whether the most suitable 
camera is also affordable). The important criteria will be temperature accuracy 
and resolution and how object signals are disturbed by background reflections or 
emissivity uncertainties. 


2.3.3.1 Total Detected Amount of Radiation 

Figure 2.29 depicts a series of blackbody spectra (spectral excitance of a black- 
body of given temperature T in wavelength interval (A, A + dA), as described in 
Eq. (1.15); see also Figure 1.22). For blackbodies at 300, 1000, and 2000 K, max- 
imum emission occurs around 9.7, 2.9, and 1.4 um, respectively. The first case 
resembles environmental radiation as used, for example, in building thermogra- 
phy, the second could be a hot plate from an electric stove, and the third liquid 
hot metals in the metal industry. Obviously, the 300 K objects emit nearly no ra- 
diation in the SW band, that is, quantitative SW cameras are only used for high- 
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Figure 2.29 Blackbody spectra for three different temperatures. The colored regions indicate 
the typical wavebands, SW, MW, and LW, of thermography. Note logarithmic scales. 


temperature applications. However, the amount of radiation in the MW band is 
of the same order of magnitude as that in the LW region. The situation changes 
for increasing temperature because shorter wavelengths receive more radiation. 
The hottest objects (2000 K) definitely favor SW band detection. 

The portions of blackbody radiation (i.e., Fo —1,)) at a given temperature that 
fall into the three predefined spectral bands SW (0.9-1.7 um), MW (3-5 um), and 
LW (8-14 um) are shown in more detail in Figure 2.30a. Similarly, Figure 2.30b 
depicts the total amount of radiation in the wavebands, that is, Faj» a0 T*, asa 
function of object temperature. The dotted lines indicate transition regions. For 
temperatures below around 350°C, most of the blackbody radiation is emitted in 
the LW band. Between 350 °C and around 1420 °C, most of the radiation is emitted 
in the MW band, and above 1420°C the SW band wins. In addition, at temper- 
atures of around 920°C, the SW band contribution overtakes that from the LW 
band. 

From these general radiation considerations alone one could guess that cameras 
detecting in the LW band would be superior to all other cameras up to 350 °C. This 
is, however, not the case—for several reasons. 

First, the properties of actual detectors must be considered. The graphs of Fig- 
ure 2.30 would shift a bit if the detected radiation, that is, the blackbody radiation, 
were weighted by the detector sensitivity. Still, the situation would look similar to 
Figure 2.30. However, in addition, and much more importantly, the detector per- 
formance of photon detectors operating in the MW and SW regions are much 
better than those of bolometers operating in the LW band. The detectivities of 
photon detectors are usually one to two orders of magnitude better than those 
of thermal detectors (Figure 2.1). Therefore, a photon detector camera, operating 
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Figure 2.30 (a) Portions of blackbody radia- arithmic scale). Broken lines at temperatures 
tion at given temperature that fall in various at which two wavebands receive the same 
waveband regions. (b) Total amount of black- amount of radiation. 

body radiation within these bands (note log- 


in the MW band, detects signals comparable to those of bolometer cameras in 
the LW band at room temperature, that is, detector properties enhance camera 
performance at shorter wavelengths. Since photon detectors usually can achieve 
lower NETD values, they are in addition usually superior to bolometer detectors. 

As a first conclusion, photon detectors of MW cameras lead to superior cam- 
era performance even in room temperature conditions. Therefore, if the highest 
temperature resolution is required, MW cameras should be used. For most reg- 
ular analyses (e.g., in building or maintenance studies under well-defined condi- 
tions), the temperature resolution of bolometer cameras is sufficient, and these — 
less expensive — systems may be used for such thermal investigations. In contrast, 
SW camera systems do suffer from missing thermal object radiation and are not 
suitable in the room temperature range. 
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There are, however, a number of important additional arguments in favor of 
shorter wavelength cameras; they will be discussed in what follows. These include 
temperature contrast, influence of background reflections, and emissivity issues. 
Therefore, MW cameras are almost always better suited for a given problem than 
LW cameras. In addition, above around 1000 K, SW cameras become competitive. 
The same arguments, that is, preferring detectors with shorter wavelengths, also 
apply to pyrometers. 


2.3.3.2 Temperature Contrast-Radiation Changes upon Temperature Changes 
Whenever minute temperature differences within a scene or transient tempera- 
ture differences are to be detected, it is important to know how the object radi- 
ation changes with temperature. In this respect one can define the temperature 
contrast as object signals change with changes in temperature. Various possibili- 
ties exist. First, a rather practical description of temperature contrast just uses the 
relative signal change with temperature, that is (e.g., [42]), 


Temperature contrast = — = ——— (2.42) 


Results are then typically given as a signal change in %/K. For single-wavelength 
radiation thermometers, one may readily calculate 1/5T from the blackbody 
functions (Eq. (1.17)). This gives 


dM (he)/(AKT) 
BOD = a AT Ter OTT (2.43) 
ôT M, dT AkT? e%o/AkT)—1 


Results for monochromatic wavelengths of 1.3 um (SW), 4.0 um (MW), and 11 um 
(LW) are shown in Figure 2.31a as a function of object temperature. Alternatively 
and better suited for IR imaging, one can numerically integrate the blackbody 
radiation spectra within the wavebands as a function of temperature and evaluate 
T contrast: Figure 2.31a also depicts the results for the SW, MW, and LW bands. 
These results are very similar to those in the simplified monochromatic plots. 

Figure 2.31b depicts the results for fixed temperatures as a function of wave- 
length. At any given temperature, the contrast is higher for shorter wavelengths; 
for example, a temperature change from 1000 to 1001 K would lead to a band exci- 
tance increase of only around 0.2% for the LW band, about 0.4% for the MW band, 
and already about 1% for the SW band. Obviously, the shorter the wavelength, 
the higher the temperature contrast. This means that whenever a short waveband 
has enough signal (Figure 2.30), its temperature contrast suggests, again, that the 
shorter, the better. 

Second, a rather universal approach to discussing temperature contrast is in 
terms of the relative signal change with regard to relative temperature change [43]. 
This means that we study how a fractional change in the temperature d T/T of an 
object leads to a fractional change in incident radiance dL /L or excitance dM/M 
of a blackbody at temperature T. 
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Figure 2.31 (a) Temperature contrast as a by thin lines: corresponding band-integrated 
function of object temperature for three results. (b) Temperature contrast as a function 
bands in percent signal change per Kelvin. of wavelength for three temperatures (note 
Thick solid lines: monochromatic results for logarithmic scales). 


indicated wavelengths; squares connected 


Differentiating Eq. (1.15) with respect to T or simply rearranging the quantities 
in Eq. (2.43), one finds 


dM,(T) / dT c ea/an 


= TF dl 7 2.44 
MT) T AT e2/AT)_ 1 (2.44) 
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Figure 2.32 Fractional change in excitance of a blackbody owing to a fractional change in 
temperature according to Eq. (2.44). 


where c, = hc/k = 14387.7 umK. Figure 2.32 depicts a plot of this quantity as a 
function of À - T. 

For most practical applications, Eq. (2.44) can be simplified. IfA - T < 2898 um K 
(Eq. (1.16)), the exponential is much larger than unity, and the second fraction is 
close to unity. In this case, 


U ae (2.45) 
M,(T) T AT 
with a maximum deviation of 0.7%. For larger à - T values, for example, if 
A - T reaches 4000 um K, the deviations of Eq. (2.45) from the exact solution 
of Eq. (2.44) still come in under 2.8%. 

Equations 2.44 and 2.45 allow one to estimate detector signal changes upon 
a change in object temperature as a function of wavelength. As an example, we 
discuss how a fractional change of 1% in temperature from T = 400 K to T = 404 K 
results in different fractional changes in excitance in the MW and LW spectral 
regions. Again, for simplicity, the MW is characterized by 1, = 4 um and the LW 
by A, = 11 um. Using Eq. (2.44) with A, - T = 1600 um K and 4, - T = 4400 um K, 
one finds 


alee a i De e i = (2.46) 
MackT) T Mi ym(T) T 
This means that a 1% object-temperature change from 400 to 404 K leads to a 
2.65 larger fractional change in MW radiation than for LW radiation. As a conse- 
quence, MW (or generally shorter waveband) cameras will have advantages com- 
pared to LW cameras owing to the more pronounced dependence of signal on 
object temperatures. 


Mathematically, changes in signal with temperature manifest themselves in the 
different slopes of tangents to the total radiation curves of Figure 2.30b. For any 
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Figure 2.33 Ratio of fractional signal changes to temperature for MW to LW ranges with center 
wavelength approximation. 


given temperature, the slope of tangents to the 3—5 um curve is much steeper 
than for the 8—14 um curve. A detailed analysis of fractional signal changes of the 
MW versus the LW band (using approximations of the center wavelengths) as a 
function of object temperature is shown in Figure 2.33. 

The exact calculation using waveband ranges of 3—5 um versus 8—14 um and a 
top-hat approximation reveals a slight change from the preceding simple expec- 
tation based on Eq. (2.44). For 400 K the result is 2.45 rather than 2.65. In addi- 
tion, one observes a decrease with temperature. In any case, the overall statement 
holds that the shorter the wavelength, the more signal change results from any 
given temperature change. 

We present a final related example of how temperature contrast affects mea- 
surement results. A typical practical question is how precise the temperature of 
a (blackbody) source must be stabilized to T + AT such that the variation in ra- 
diation reaching a detector is less than a predefined value. Let us consider three 
temperatures of 300, 500, and 1000 K, assume monochromatic detection for the 
SW (1.3 um), MW (4.0 um), and LW (11.0 um) bands, and allow for a maximum 
signal variation of 1%. The results are given in Table 2.2. 


Table 2.2 Temperature variation of an object that results in a 1% signal change for monochro- 
matic detection at 1.3 um (SW), 4 um (MW), and 11 um (LW). 


Tobject = 300K Tobjet = 500K Tobjet = 1000K 
AT (SW) 0.08 K 0.22 K 0.9K 
AT (MW) 0.25 K 0.69 K 2.7K 


AT (LW) 0.68 K 3.54 K 5.6K 
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Obviously the same signal change of 1% is due to much smaller temperature 
variations at shorter wavelengths. In other words, the shorter the wavelength of 
an IR camera, the more sensitive is the radiation detection. 


2.3.3.3 Influence of Background Reflections 

All real camera signals contain contributions from reflected background radia- 
tion (Figure 2.24, Eq. (2.37b)), which can dramatically affect the measured object 
temperatures. In this section, quantitative estimates will be given on how back- 
ground reflection influence varies with wavelength, that is, with the waveband of 
the camera. Again, it will be demonstrated that in this respect shorter-wavelength 
systems are superior to longer-wavelength systems. 

The discussion will be based on the object and background radiation that a cam- 
era may receive. We assume an opaque object of emissivity e, that is, its reflectiv- 
ity is given by (1 — e) (Eq. (1.29)). Therefore, the object radiation is determined by 
its radiance, Lopj(Tobj) = € - Lgeg(Topj) and the reflected background radiation by 
Lamb( Lamb) = (1 — £) + Lamp( Tamb). Figures 2.34 and 2.35 depict two examples for 
these quantities. In Figure 2.34, the object temperature was 200°C and the back- 
ground was at 25°C. Figure 2.35 depicts the situation for higher temperatures as 
encountered in the aluminum and steel industries. 

Figures 2.34 and 2.35 show that the portion of reflected background radiation 
with respect to the object radiation depends strongly on emissivity. This ratio is 
plotted for MW and LW detection in Figure 2.36 for the high-temperature regime. 
Obviously, this ratio is always lower for the MW region compared to the LW re- 
gion, that is, the MW band is less affected by background reflection than the LW 
band. In other words, whenever background reflections cannot be properly cor- 
rected or if there are unnoticed reflection contributions, the MW regime is always 
less sensitive to these disturbances. 

As an example for the chosen temperatures, the region below the dotted line 
means that the background reflection signal accounts for at most 10% of the object 
signal. With this restriction, LW cameras would require emissivities of around 0.8, 
whereas MW cameras could operate at values as low as 0.6. 

As a practical example, we illustrate the relative contributions of background 
reflections using a homogeneously heated hot stainless steel plate of 200°C and 
observe the reflections of a human hand using LW and MW cameras. This situa- 
tion corresponds approximately to the radiance signals of Figure 2.34. The emis- 
sivity of stainless steel is not easy to guess—too many factors play a role. However, 
we can safely assume that £ is smaller than 0.3, probably even below 0.2 (see fol- 
lowing discussion). Whatever value we actually choose is not important since for 
all emissivities the MW camera should be less sensitive to the thermal reflections 
of the hand. This is nicely demonstrated in Figure 2.37. Both cameras used the 
same level and span as well as palette settings for better comparison. As expected, 
the hand reflection is easily seen with the LW camera, whereas it is much more 
difficult to detect in still IR images of the MW camera. Assuming, for example, 
e = 0.2, the reflection as incident onto the MW camera would be around 6.3% of 
the object signal, whereas this ratio would increase by more than a factor of ten 
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Figure 2.35 Object radiance (T,,; = 1000°C) and reflected background radiance 
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Figure 2.36 Ratio of reflected background radiance versus object radiance as a function of 
object emissivity for Toj = 1000°C and Tamb = 500°C. 


(b) 


Figure 2.37 Homogeneously heated stainless steel plate (Toj = 200°C) attached to 
temperature-stabilized blackbody source. (a) MW and (b) LW images. Left to right: without 
hand, with hand, and image subtraction. 


to about 68.4% for the LW camera. Although the MW hand signal is quite small, 
it may still be detected using techniques of image subtraction (Section 3.5.1.3). 


2.3.3.4 Influence of Emissivity and Emissivity Uncertainties 

Besides the role of emissivity in background reflections, low emissivity values as 
well as emissivity uncertainties additionally favor short wavebands for quantita- 
tive measurements. 
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Figure 2.38 Emissivity of iron as function of wavelength. Solid black line: ideal directed normal 
emissivity from Eq. (2.47) using optical constants from [44]. Blue squares: from various mea- 
surements (after [45]). 


a) Imaging of Objects with Low Emissivity 

Typical objects with low emissivity values are metals. Figure 2.38 depicts the ex- 
pected normally directed spectral emissivity of a typical metal, iron, based on op- 
tical constants from the literature [44] (solid black line with dots) as well as various 
experimental data (blue squares). The theoretical data, based on carefully selected 
literature data of optical constants (i.e., real and imaginary parts of index of refrac- 
tion n(A) = n A) +in,(A)) resemble the most ideal case of polished smooth metal 
surfaces. nı and n, allow one to calculate the reflectivity R for normal incidence 
(adjacent medium air, 7,;, = 1, see Eq. (1.5)) according to 


_ (mA) - 1? + 2,0? 
normal “ (n, (A) + 1)? + mA) 


and the directed normal emissivity is computed from that (Eq. (1.29)) for opaque 
objects according to £ = 1 — R pormal: 

One sees nicely the general trend for all such metals: emissivity increases toward 
the short wavelengths, reaching values of up to 0.3 in the SW range, and is very 
low for the LW range, here below 0.035. 

In contrast, the measured data are widely scattered. In the SW region, they still 
coincide with the ideal values, but for the MW and LW regions, they are much 
larger, with values above 0.1. Figure 2.38 is a typical example, showing the gen- 
eral problem with all metals. If they are very pure and have smooth surfaces, they 
behave ideally. However, impurities of any kind, oxidation, and corrosion of the 
surfaces and residual or additionally introduced surface roughness immediately 
alter the emissivity. This is why one can never trust literature data on metal emis- 
sivities. Theoretical literature data on a certain metal and a real sample of the 
same metal may differ appreciably on a microscopic scale, although this may not 
be obvious macroscopically. 


(2.47) 
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One general feature is, however, also present for any realistic metal sample, as 
can be seen for the measured data here as well as from survey data of Figure 1.35: 
metal or metal alloy emissivities always increase toward shorter wavelengths. 

This trend favors shorter waveband detection for two reasons. First, as dis- 
cussed previously, at any given low emissivity, shorter waveband detection suffers 
less from reflected background radiance than LW band detection (Figure 2.36). 
Second, for any given metal object, detection in the MW band is always asso- 
ciated with higher emissivities compared to the LW region, which additionally 
improves the performance regarding reflections. 

This general statement is visualized in Figure 2.39a. Some objects (a hand and 
a face) are close to a slightly corroded brass plate in such an alignment that a 
camera is able to observe direct reflections, if there are any. The scene is observed 
with four different cameras, operating in the visible spectral range (0.4—0.8 um) as 
well as the SW (0.9-1.7 um), the MW (3-5 um), and the LW (8—14 um) thermal 
IR range. Whereas mirror images due to direct reflections can hardly be seen in 
the VIS and SW ranges, mirror image quality gets progressively better, that is, 
background reflections get progressively worse toward the LW range. The direct 
reflectivity of the brass sample was analyzed and is depicted in Figure 2.39b (in 
addition, diffuse reflections will also contribute). As expected, reflectivity is larger, 
that is, emissivity is lower for longer wavelengths, which, like Figure 2.37, explains 
the respective better visibility of thermal reflections at these wavelengths. 


b) Influence of Emissivity Uncertainties in General 

For any quantitative measurement the resulting temperature reading depends on 
the emissivity. The precision of a measurement therefore sensitively depends on 
the accurate knowledge of the value of emissivity. Here, we want to discuss the in- 
fluence of emissivity uncertainties on the accuracy of temperature measurements 
and in the next subsection how these results depend on the choice of a specific 
waveband. Arguments here are based on the radiometry of black and gray bodies 
using the top-hat approximation. 

First, let us consider a gray body radiance function £; - L(A, T) at a given ob- 
ject temperature T}, which is shown as solid black line in Figure 2.40. The camera 
will detect a signal proportional to the in-band radiance. For a LW camera this 
would be the area below the black graph between the two boundaries at 8 and 
14 um (vertical thin black lines). This signal would then be used to calculate the 
object temperature according to the calibration curve (Section 2.4.5). However, if 
the camera user does not know the exact emissivity, it may well be that he is using 
the wrong emissivity value for the internal corrections. Consider, for example, an 
emissivity £, that is smaller than the actual object emissivity. The corresponding 
gray object radiance £, - L(A, T,) (blue graph in Figure 2.40) and the in-band radi- 
ance as well would be lower, indicated by the blue arrow. Referring to the detected 
in-band radiance (the area below g; - L(A, T;)), the user would find a much higher 
temperature T, > T, (indicated by red arrow) such that the in-band radiance of 
£ - L(A, T,) in the LW band would be the same (the area below the red graph 
between 8 and 14 um is the same as below the black graph). 
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Figure 2.39 Waveband-dependent influence of reflections from corroded brass plate (a) and 
measured directed reflectivity of plate (b). 


We summarize the main result: assuming an emissivity below the actual one 
results in an object temperature higher than the actual one — and vice versa. As a 
consequence, any uncertainty in the emissivity will lead to an uncertainty in the 
measured object temperatures. To estimate associated temperature errors, one 
would need to include all camera parameters, detector sensitivities, properties of 
optics, and so forth. In this general discussion, we only use radiometry to indicate 
the effects with the proper order of magnitude. Specific numbers for any given 
camera may differ slightly. 
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Figure 2.40 Scheme to explain influence of emissivity uncertainties on resulting temperature 
errors. For details see text. 


Let us start with gray body radiation spectra of known emissivities as a func- 
tion of temperature. From there we compute the relevant in-band radiances as a 
function of temperature that serve the same purpose here as camera calibration 
curves for any real camera. Figure 2.41 shows examples of in-band radiance of 
LW IR due to three different emissivities, here 0.8 as well as 10% lower and higher 
values 0.72 and 0.88. We now assume that ¢ = 0.8 is the correct emissivity, and 
we want to guess the temperature offset resulting when using the emissivity vari- 
ation of +10%. Obviously we just need to find the temperature values for the same 
in-band radiance, which is depicted as a horizontal line in the plot. As a numeri- 
cal example we assume that at £ = 0.8 the correct temperature would be 1500 °C. 
The horizontal in-band radiance line intersects the in-band-radiance graphs for 
the other emissivity values, as is shown enlarged in Figure 2.41b. For an emissiv- 
ity of 0.72, the resulting temperature error would be as large as +134 K, and for 
€ = 0.88 it would be -110 K. 


c) Influence of Emissivity Uncertainties: Comparison of Different Wavebands 
Knowing that all emissivity uncertainties result in temperature errors, we now 
investigate whether certain wavebands are superior by giving smaller errors. 
Figure 2.40 demonstrated that the gray body radiance for lower emissivity 
£ < €, required a higher apparent temperature T, such that e,L(4, T,) had the 
same in-band radiance in the LW band as one with a correct emissivity, that is, 
€ L(A, T,) at lower temperature T,. However, in order for MW in-band radiances 
to be equal, one would have required a lower temperature rise. This is illustrated 
in Figure 2.42 for a specific example with object temperature T} = 200°C and ob- 
ject emissivity £4 = 1.0 (black solid line is the black body radiance). The red and 
green solid lines represent gray body radiances for emissivities of 0.7 such that 
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Figure 2.41 Integrated band emission in interval of 8-14 um plotted as function of T for three 
different emissivities. (a) The content of the broken rectangle is shown enlarged in (b). A 10% 
g variation leads to temperature errors well above 100 K. 


either the LW in-band radiance (red line) or the MW in-band radiance (green) 
matches the one from the blackbody. 

Obviously, the wrongly guessed emissivity of 0.7 leads only to a temperature 
error of 24 K for the MW, but to 60 K for the LW band. The result from this specific 
example holds in general: the MW temperature error is always smaller than that 
for LW bands. 

The calculations presented previously for predefined wavebands are simple but 
tedious. Trends can be seen easier by using the approximation of monochromatic 
radiances at the center of the respective bands. 

We start with the blackbody excitance M(4, T,) for an object with tempera- 
ture T, (Eq. (1.15)), which leads to the gray body radiance L(A, T) = MA, T)/n 
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Figure 2.42 Comparison of a black body line) and the LW (8-14 um, red line) bands. 

spectrum at 200°C (black line) with two spec- The MW-related spectrum corresponds to a 
tra for emissivity of 0.7, which have the same 24K and the LW related spectrum to a 60 K 
in-band radiance for the MW (3-5 um, green increase in object temperature. 


(Table 1.4). 


2hce? 1 


Lie T)) =€ AS eto/AkKT) — 7, 


(2.48) 
Now we allow for an emissivity variation by a factor of a, that is, e’ = a - e. For 
example, a 10% decrease would correspond to a = 0.9 and a 10% increase to a = 
1.1. The problem now consists in finding the temperature T, of the gray object 
with emissivity a - e which has the same monochromatic radiance at any given 
wavelength, that is, L(A, e, T1) = LU, ae, T3), giving 


1 1 
eho/AkT,) 1 RUDAT) — 1 (2.49) 
Solving for T, we find 
hc)/Ak 
; (he)/(Ak) (2.50) 


~ in [1 + a (e#O/0KT) —1)] 


Figure 2.43 shows resulting temperature errors (T, — T,) for an emissivity un- 
certainty of 10% for the three monochromatic wavelengths at the center of the 
SW, MW, and LW bands. 

The accuracy of the approximation can be judged when analyzing the data for 
the parameters of Figure 2.42 with 200 °C and 30% e-decrease. We find a temper- 
ature of 264 K instead of 260 K for the LW band and 223 K instead of 224 K for the 
MW band. 

Similarly, comparison with the LW in-band radiance results of Figure 2.43 at 
1500°C with 10% e-variation gives monochromatic values of 1639 and 1386°C 
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Figure 2.43 Influence of emissivity variations on temperature errors for monochromatic ther- 
mal IR radiation (SW: A = 1.3 um; MW: A = 4 um; LW: A = 11 um). 


instead of the in-band values 1634 and 1390°C respectively. Both comparisons 
are in very good agreement. Therefore, the data of Figure 2.43 can be considered 
reasonably accurate temperature error results upon emissivity uncertainties. 

The general trend is obvious: the shorter the wavelength, the lower the temper- 
ature error for the same emissivity uncertainty. This is again a strong argument 
for MW rather than LW cameras. 

There is an additional argument that favors shorter wavelength detection. Very 
often one does not deal with relative emissivity uncertainties but, rather, absolute 
ones. As an example, we discuss temperature errors for an absolute variation of 
Ae = 0.04 as a function of the emissivity of an object (Figure 2.44). 

Again, Eq. (2.50) is used within the monochromatic approximation. The only 
difference is that the factor a now changes with the absolute value of e. For Ae = 
0.04 and e = 0.8, we find, for example, a = 0.95 (giving £ = 0.76) and 1.05 (giving 
0.84). Similarly Ae = 0.04 and e = 0.5 gives a = 0.92 and 1.08, and for € = 0.1 we 
find a = 0.6 and 1.4. Figures 2.44 and 2.45 depict some results for MW (4.0 um) 
and LW (11.0 um) radiation and chosen temperatures of 500, 1000, and 1500°C. In 
all cases, the temperature errors are smaller for shorter wavelengths. In addition, 
errors get very large for small emissivities. If polished metals with £ on the order of 
0.1 are to be investigated, an uncertainty of 0.04, that is, e within the interval (0.06 
to 0.14), already leads to very large temperature uncertainties: for MW radiation 
T lies in the interval (x 870 to 1255°C). Using LW cameras further expands the 
temperature interval to (x 770 to 1520°C). If the uncertainty were half of these 
values, that is, Ae = 0.02, the temperature intervals would still be quite large: ~ 925 
to 1100°C for MW and = 865 to 1200°C for LW. 

A final practical example will illustrate the different influence of emissivity vari- 
ations on the temperature measurement results in the MW and LW bands, respec- 
tively. A stainless steel plate was homogeneously heated to 210°C (Figure 2.46). 
Using the known temperature of 210°C from a contact temperature measure- 
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Figure 2.44 Influence of absolute emissivity uncertainty on temperature errors as a function 
of emissivity for the (a) MW band and (b) LW band and object temperatures varying from 500 


to 1500°C. 


ment, the average emissivity in the marked circular area was determined for both 
spectral ranges. The average emissivity within the area slightly decreased from 0.2 


in the MW band to about 0.16 in the LW band. 


A variation of the object emissivity within the marked area owing to surface 
property variations causes respective variations of the measured pixel temper- 
atures. As expected, emissivity variations cause a larger spread of the measured 
temperatures for the LW camera (A Ty = Tmax — Tmin = 29 °C) compared to only 
13°C for the MW camera. The measured increase in the temperature measure- 
ment error by a factor of about 2 corresponds nicely to the results of the calcula- 


tions depicted in Figure 2.43. 
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Figure 2.45 Comparison of absolute temperature errors between MW and LW bands owing to 
an emissivity uncertainty of 0.04. The object temperature was 1000°C. 


(a) 


280.0 °C 


(b) 


Figure 2.46 Homogeneously heated stainless steel plate (7,, = 210°C) attached toa 
temperature-stabilized blackbody source. (a) MW with £ = 0.2 and (b) LW with € = 0.16. 
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2.3.3.5 Potential use of Bolometers in MW or SW band 

So far, the question of which waveband is most suitable with respect to sensitivity 
and small temperature measurement errors for a given problem has been based 
solely on radiometric arguments. The answer up to this point can be summarized 
as follows: the shorter the wavelengths, the better — provided enough radiation is 
available in the shorter wavebands. 

Unfortunately for the practitioner, cameras in the shorter waveband ranges are 
usually photodetector cameras whose detectors need to be cooled. As a conse- 
quence, these cameras are much more expensive than the cheaper bolometer 
cameras, which nowadays dominate the inexpensive LW camera segment. 

However, we want to suggest that for certain high-temperature applications, 
less expensive bolometer cameras may well find an application niche also for 
the MW band. Here we briefly summarize the underlying physics reasons—again 
based solely on radiometry, that is, the in-band radiance estimated with the top- 
hat approximation—why bolometers may indeed be useful at shorter wavelengths, 
too. 


Same In-Band Radiances for Different Temperatures 

Figure 2.47 depicts a small segment of the total in-band radiance of the LW, MW, 
and SW bands asa function of temperature (see also Figure 2.30). We start with an 
object at a temperature of 30 °C, which gives an in-band radiance indicated by the 
red arrow. If we require that the same signal, that is, the same in-band radiance, 
be detected within the MW and SW wavebands, we find that this would happen 
at temperatures of 160 and 540°C, respectively. Assuming that we use the same 
detector with the same sensitivity and the same noise level, we can describe the 
result of Figure 2.47 in other words: an object of 30°C detected in the LW band 
gives the same SNR as an object of 160°C detected in the MW as well as an object 
of 540°C detected in the SW band. 
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Figure 2.47 Object-temperature-dependent total in-band radiance in LW, MW, and SW bands 
(see text for details). 
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Figure 2.48 Temperature contrast according to Eq. (2.44) for LW, SW, and MW bands as func- 
tion of object temperature. 


According to Eq. (2.3a) the NETD of a measurement is inversely proportional to 
the in-band radiance change with temperature. Therefore, the NETD is governed 
by the temperature contrast discussed in Section 2.3.3.2. 

Figure 2.48 depicts the temperature contrast of the in-band radiance in the LW, 
MW, and SW bands as a function of object temperature. Compared to the NETD 
for the LW measurement at 30°C object temperature, the MW measurement at 
a 160°C object temperature has a slightly greater temperature contrast, that is, a 
slightly lower NETD (about 0.9 of the NETD of the LW camera). Similarly, a SW 
measurement at an object temperature of 540°C will have a slightly higher NETD 
(about 1.02) compared to the LW measurement at a 30°C object temperature. 

Overall one can conclude that NETD values are comparable. The conclusion 
drawn so far is that, given detectors of comparable sensitivity in different wave- 
bands, the achievable temperature errors would also be comparable provided 
measurements are made at correspondingly higher temperatures. 


Modifications of Bolometer Detectors for Use in MW Cameras 

Bolometer detectors so far are mostly used and therefore also optimized for the 
LW band. Owing to the thin bolometer membranes, IR absorption is low. There- 
fore (Figure 2.4), a quarter-wavelength cavity is used to increase IR absorption. 
For example, a 2.5 um cavity is used for optimized absorption at a 10 um wave- 
length. Figure 2.49 compares some measured and theoretical bolometer response 
spectra. 

Obviously, a bolometer has broadband sensitivity from around 2 um well be- 
yond 16 um. Typically the MW detection is suppressed in LW bolometer cameras 
by adding a cut-on spectral filter (at a wavelength of about 7.5 um) to the detector 
window. Without such a filter, the MW response for such bolometer structures is 
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Figure 2.49 Typical theoretical (thin gray line) and measured (thick black line) spectral sensi- 
tivity of a LW bolometer with 2.5 um cavity (after [46]). 
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Figure 2.50 Object-temperature-dependent total in-band radiance in LW and MW bands. An 
object of 200°C detected in MW has about the same detector signal as a 30°C object detected 
in the LW band. 


about 50% of the LW response. Therefore, MW bolometer detectors could just be 
implemented—without any change in detector technology—by replacing the cut- 
on filter with a MW bandpass filter. 

The reduction of sensitivity by a factor of two, however, means that we need 
twice the in-band radiance in the MW bandas in the LW. Therefore, the preceding 
estimates need to be changed slightly (Figure 2.50). To achieve the same signal 
owing to the doubled in-band radiance we now have the same signal in the MW 
band for Typ ject = 200 °C. The temperature contrast will again lead to a very similar 
NETD. 
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Obviously, this example shows that it is quite possible to use bolometer cam- 
eras within the shorter MW waveband for higher object temperatures typical for 
many industrial temperature measurement applications without any change in 
bolometer technology. 


Fast Bolometers with Smaller Time Constants 

Bolometers also make it possible to reduce time constants, thereby allowing for 
faster temperature measurements. Although such modified bolometers would 
still be much slower than photon detectors, they may find an industrial applica- 
tion niche, too. 
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Figure 2.51 Object-temperature-dependent same detector signal as a 30 °C object de- 
total in-band radiance in LW and MW bands. tected in LW band. (b) Temperature contrast 
(a) An object of 400°C detected in MW with according to Eq. (2.44) for LW and MW bands 
1 ms time constant bolometer has about the as a function of object temperature. 
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Vacuum-operated bolometer arrays in LW cameras are quite slow and are char- 
acterized by time constants of about 10 ms (Section 2.2.3). A change in the time 
constant can be brought about by an increase in the detector heat conductance 
(Eq. (2.7)), for example by a gas filling. This will decrease the time constant; how- 
ever, it will also decrease the bolometer responsivity by the same factor. A 10 times 
higher conductance will result in a 10 times lower time constant (1 ms). However, 
the incident object radiance must also be increased by a factor of 10 to get the 
same detector signal as for a vacuum-operated bolometer (Eq. (2.6)). 

Let us estimate how sucha fast 1 ms time constant bolometer may be used in the 
MW band. Its in-band radiance must be a factor of 10 larger due to the reduced 
time constant and — as previously — another factor of 2 larger due to reduced 
sensitivity in the MW band. Figure 2.51 illustrates that, compared to a LW band 
detected object of 30°C, we have a similar signal for a MW band detected object 
of 400°C. 

However, the temperature contrast at this temperature is smaller by a factor 
of two (Figure 2.51b), that is, the NETD will be larger by the same factor. But 
this somewhat reduced thermal response should still be good enough for most 
industrial high-temperature applications. One just does not need to have a NETD 
well below 1 K when dealing with temperatures above 400 or 500°C. 

Research on the use of bolometers for other wavebands has already started. For 
example, it was recently demonstrated that bolometer detector sensitivity can be 
fine-tuned to the desired MW band [35]. 

Figure 2.52 depicts the comparison between the spectral absorption of a stan- 
dard LW bolometer structure (broken line) to a bolometer structure optimized 
for both LW and MW band use. 
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Figure 2.52 Comparison of absorption spectra of LW standard bolometer detector (black) and 
bolometer detector with increased MW absorption (red) after [35]. 
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Figure 2.53 Block diagram with main IR camera components. 


2.4 
Complete Camera Systems 


The main purpose of an IR camera is to convert IR radiation into a false color 
(including gray scale) visual image. This visual image should represent the two- 
dimensional distribution of the IR radiation emitted by an object or a scene. For 
a temperature-measuring system, the visual image displays the object tempera- 
tures. Therefore, the main components of an IR camera are the optics, the de- 
tector, the cooling or temperature stabilization of the detector, the electronics for 
signal and image processing, and the user interface with output ports, control 
ports, and the image display (Figure 2.53). 

Complete understanding of the camera’s operation requires a more detailed dis- 
cussion of these main camera components and their interaction in the measure- 
ment process. The different IR camera systems (partly with additional accessories) 
used for most of the experiments described in this book are listed in Table 2.3. 
They range from the SW via the MW to the LW. 


2.4.1 
Camera Design - Image Formation 


Two basic camera concepts for thermal imaging are scanning and staring systems 
(Figure 2.54). In scanning systems, the image is generated as a function of time row 
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Table 2.3 IR cameras used by authors. 


SW FLIR SC2600 


InGaAs 
0.9-1.7 um 
640 x 512 pixels 


MW FLIR SC6000 Agema THV 550 


InSb 
1.5-5.5 um 
640 x 512 pixels PtSi 
3-5.5 um 
320 x 240 pixels 
LW FLIR T650sc FLIR A35sc FLIR SC2000 


Bolometer 
Bolometer 

7.5-14 um Bolometer 
Vo= llum 320 x 240 pixels 
640 x 480 pixels p pad aa 


320 x 240 pixels 


by row, like TV screens (Figure 2.54a); in staring systems, the image is projected 
simultaneously onto all pixels of the detector array (Figure 2.54b). 


2.4.1.1 Scanning Systems 

The heart of a scanning system consists mostly ofa two-dimensional optical scan- 
ner with a single-element IR detector. Some systems also use a linear detector ar- 
ray or more complex detectors [47, 48]. In all cases, the image is built up sequen- 
tially. The detector’s instantaneous field of view (IFOV) is moved across the FOV 
of the camera (Figure 2.54). A rotating mirror for horizontal scan allows for radi- 
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Figure 2.54 Basic principles of image for- left-hand-side image illustrates line-after-line 
mation for scanning (a) and FPA cameras scanning, whereas the right-hand-side image 
(b). VIS image of a house (g) recorded with refers to the pixel grid of a FPA. (c-e) IR image 
2987 x 2177 pixels. The small black rectan- of a LW camera (320 x 240 pixels) and scan 
gle is shown enlarged at the sides (f,h). The (c) as well as FPA mode (e) of image formation. 


ation measurement along a horizontal line of the scene. Mostly a polygon-shaped 
mirror is used to reach a very high scanning efficiency [47]. A second mirror is 
used to switch the vertical position of the scanned line. For short image formation 
times at satisfactory pixel numbers, fast photon detectors and short signal integra- 
tion times are needed. The following simplified estimate will show the limitations 
of a scanning imaging system. A scanning camera, such as AGEMA ThermoVi- 
sion 900 [41] with a single detector element at an image size of 272 x 136 pixels 
(136 lines and 272 pixels in one line) offers a full frame rate of 15 Hz. In a simpli- 
fied version, the sequential readout process results in a time frame for one pixel 
of 1.8 us. In line scan mode at 272 pixels per line, a line frequency of 2500 Hz (or 
lines per second) is achieved corresponding to a time frame per pixel of 1.5 us. 
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Figure 2.55 (a) Operational principle of a line scanner MP 150 [50] and (b) image formation at 
a band process. Image courtesy Fluke Process Instruments GmbH, Germany. 


Assuming that the scanning system can also deal with larger pixel numbers, 
one can estimate that the line frequency and the frame rate would decrease for 
320 x 240 pixels to about 2100 lines per second or a 7.2 Hz full-frame rate and for 
640 x 480 pixels to 1050 lines per second or a 1.8 Hz full-frame rate. 

In principle, faster frame rates seem possible by reducing the time frame for 
one pixel. However, it would not make sense to reduce this time interval since the 
object signal would decrease and, hence, the SNR would decrease. 

Because of the continual improvements in focal-plane detector technology and 
the limited number of pixels and limited frame rates, the scanning systems for 
thermal imaging became less important. Nevertheless, scanning systems offer 
some advantages over staring systems, for example, the radiometric accuracy 
caused by the fact that radiation from all image pixels is detected by only one 
detector element. 

Today, IR line scanners are used for the thermal imaging of moving objects or 
scenes such as band processes (Figure 2.55). For the imaging, only the line scan 
mode is necessary. The second dimension of the thermal image is built up by the 
object or scene movement. Line scanners allow very high scan rates, up to 2500- 
3000 lines per second (for lower pixel numbers), variable pixel numbers in a mea- 
sured line up to about 5000 (for lower scan rates), and a large FOV up to 140° [49— 
51]. Such line scanners often use one or two (at different temperatures) internal IR 
emitters with known emissivities and temperature for recalibration during each 
mirror revolution. For this purpose, the emitters are positioned outside the object 
FOV and the recalibration process is made between line scans (Figure 2.55). 


2.4.1.2 Staring Systems-Focal-Plane Arrays 

In FPAs, the detectors are arranged in a matrix of columns and rows. Compared 
to scanning systems, FPAs allow higher frame rates at higher pixel numbers. The 
main advantage of a staring system, in addition to the absence of moving mechan- 
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Figure 2.56 ROIC for a 1024 x 768 pixels bolometer array. Image courtesy: ULIS, France. 


ical parts and the possibility of using thermal IR detectors, is that the detector 
array covers the whole FOV simultaneously for the entire frame time [3]. This 
causes a reduced bandwidth for each detector, resulting in a SNR improvement. 
Theoretically the SNR is increased by the square root of the image pixel format. 
Practically this gain cannot be obtained because the FPA consists of individual de- 
tector elements, causing a spatial or fixed pattern noise due to their nonuniform 
properties [52]. 

An FPA for IR imaging itself consists of two parts: an IR sensor made from an 
IR radiation-sensitive material and a ROIC made from silicon. Nowadays, ROICs 
have two functions (Figure 2.56). First, they produce the simple signal readout 
and, second, they contribute to signal processing with signal amplification and 
integration or with multiplexing and analog-to-digital conversion. 

One of the most important problems in technology results from the fact that, in 
contrast to FPAs for the visible spectral range, two different material classes must 
be electrically integrated. This can be done by either monolithic or hybrid integra- 
tion technology. For a hybrid system, both parts are made separately. Later they 
will be mechanically and electrically joined by special mounting processes such as 
flip-chip bonding [53]. For monolithic arrays, first the ROIC is made from silicon. 
After this process, the IR sensors are built up on top of the ROIC by IR mate- 
rial thin film deposition, lithography, and etching. This is a very complex process 
because all technological processes and materials used for the fabrication of the 
IR sensor matrix must be compatible with the CMOS process used for the fabri- 
cation of the ROIC and must not change the ROIC properties. Because of lower 
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fabrication costs, higher performance, durability, and reliability, there is a trend 
toward monolithic integration as, for example, for microbolometer FPAs [54]. Im- 
provements in FPA technology have led to the following trends: 


e The number of pixels in arrays is increasing. FPA cameras with up to 1024 x 
1024 pixels are commercially available [41]. Figure 2.57 illustrates the different 
array sizes for a VIS 1 megapixel image. Figure 2.58 depicts IR images of the 
same object scene for different pixel numbers. 

e The pixel size is decreasing. Today, FPAs with 17 x 17 um? microbolome- 
ter [55] pixels or 15 x 15 um? photon detector pixels are available. The de- 
creasing array size reduces the cost of the optics by reducing the size at a 
given F-number. At a given F-number, the cost for lens material will depend 
approximately on the square of the lens diameter. 

e The NETD is decreasing. This requires a strong improvement in detector per- 
formance (D*) to overcompensate for the effect that a simple decrease in de- 
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Figure 2.57 Illustration of displayed image sections for different array sizes with the same 
optics (a) and with detectors at the same distance. Comparison of total pixel numbers for dif- 
ferent array sizes (b). 
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Figure 2.58 IR images with different pixel numbers generated from the same megapixel im- 
age. (a) 1024 x 1024 pixels; (b) 640 x 512 pixels; (c) 320 x 240 pixels; (d) 160 x 120 pixels; and 
(e) 80 x 80 pixels. Image courtesy: FLIR Systems Inc. 
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Figure 2.59 Fill factor of a FPA. 


tector size will result in an increase in the NETD. Today IR cameras achieve 
NETDs of about 45 mK for microbolometer detectors and about 10 mK for 
photon detectors at a 30°C object temperature. 

e The trend toward decreasing pixel size is accompanied by an increasing fill 
factor. The fill factor is defined as the ratio between the IR-sensitive cell area 
and the whole cell area of a FPA (Figure 2.59). It is not possible to arrange 
the detectors to be fully contiguous in a FPA. Single-detector elements must 
be electrically and thermally (for microbolometer arrays) separated from each 
other and be connected to the ROIC. Therefore, the IR-sensitive area remains 
smaller than the cell area. This finite fill factor influences the camera perfor- 
mance such as, for example, the spatial resolution and MTF (Section 2.5.3). 
Today, microbolometer FPAs achieve a fill factor larger than 80% and photon 
detector FPAs achieve ones larger than 90%. Figure 2.59 illustrates the increase 
of the fill factor. Ifa typical quadratic cell is assumed, a fill factor of 49% requires 
that the side length of the sensitive cell must account for 70% of the whole cell 
side length. If the fill factor is increased to 81%, this side-length ratio must be 
increased to 90%. 

e The time constant for microbolometers has decreased to about 4 ms [55]. This 
makes it possible to increase the time resolution of the camera and to use 
higher frame rates. As discussed in Section 2.2.3, the thermal properties of 
the bolometer structure influence the time constant. In a complex manner, 
they affect all detector performance parameters. Therefore, the decrease in the 
bolometer time constant, while simultaneously decreasing the detector area 
and NETD, results in a very complex problem. Overall, these trends result in 
an increase in image spatial and thermal resolution, image information con- 
tent, and time resolution of the imaging process. 


2.4.1.3. Nonuniformity Correction 

Before IR detectors can be used for quantitatively measuring temperatures, two 
important image-processing procedures must be performed. First, the differ- 
ing gains and possible signal offsets of different individual detectors must be 
accounted for. Second, an absolute temperature calibration (Section 2.4.5) is re- 
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Figure 2.60 (a) Detector nonuniformity in a FPA and the nonuniformity correction to nor- 
malize the different FPA detector responsivities and offsets shown for three selected pixels. 
(b) Mathematical model of NUC corrections. 


quired for quantitative analysis. Both procedures are interrelated, although in 
principle they can be distinguished from each other. 

As mentioned earlier, FPAs are composed of many individual detector elements 
having different signal responsivities (gain or slope) and signal offsets. The same 
applies to scanning systems with detector lines. Figure 2.60a depicts this situation 
for some detector elements. 

The spread in gain and offset results in a spread of detector signals of different 
pixels for the same incident radiant power. If this nonuniformity of the individual 
detectors becomes too large, the image becomes unrecognizable. Therefore, for 
all imaging systems consisting of more than one detector, the nonuniformity must 
be corrected [56] (Figure 2.60). This is called nonuniformity correction (NUC). 

For most commercial cameras, the NUC procedure is performed during the fac- 
tory camera calibration process, and the correction parameters are stored in the 
camera firmware. Only some R&D cameras allow users to perform the calibration 
procedure and NUCs. 

The correction procedure (Figure 2.60a) starts mostly with a signal offset cor- 
rection to bring the response of each detector for a given object temperature range 
within the dynamic range of the electronics. In the second step, the signal slope 
(detector signal dependence on the object temperature) is corrected. After this 
second step, all detectors should have the same signal slope and their response 
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(a) (b) 


Figure 2.61 IR images of the same scene before (a) and after (b) NUC. 


should be within the dynamic range of the electronics. Finally, an additional offset 
correction is necessary to get identical response curves for the different detector 
elements. 

In practice, the NUC is performed by placing a rough (nonreflecting) gray body 
(e > 0.9) of homogeneous temperature directly in front of the detector or camera 
lens. As a consequence, each pixel should yield the same signal. The deviations are 
corrected electronically. If this procedure is done for a single temperature (one- 
point NUC), the correction works only close to the used temperature. Usually 
two different temperatures are used (two-point NUC), which gives a reasonable 
correction between and in the vicinity of the chosen temperatures. As a result, a 
detector array will yield a very uniform signal. Figure 2.61 depicts two IR images 
of the same scene, the only difference being that before the second was recorded, 
a NUC was performed. The improvement in image quality via noise reduction is 
obvious. 

However, perfect detector uniformity in between the calibration points can- 
not be achieved because of the possible slightly different nonlinear responsivity 
curves. This situation for a correction at two calibration points is illustrated in Fig- 
ure 2.62. The remaining detector nonuniformity causes the so-called fixed pattern 
noise. 

The NUC procedure forces the detector pixels to a uniform signal due to the 
uniform input of a homogeneous object. In principle, it is, however, also possible 
to perform NUCs based on arbitrary objects. Figure 2.63a depicts the IR image 
of a person; it was recorded immediately after using a homogeneous background 
for a NUC. Figure 2.63b depicts the IR image of the person recorded immediately 
after using the same scene for a NUC. The large radiance differences between 
background and object (person) were corrected to vanish via the NUC; therefore, 
the person is (nearly) invisible. In Figure 2.63c, the person has left and the camera 
only observes a homogeneously tempered background. Still, the camera now de- 
tects a feature where the person was standing, although the radiance of the wall 
is the same everywhere. Figure 2.63 thus illustrates that electronic correction of 
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detector gain and offset can change apparent radiance distributions appreciably. 
Therefore, NUCs must be performed with great care. 

In principle, a NUC only requires that objects of homogeneous temperature 
be placed in front of the camera. The exact value of the temperature need not 
be known to obtain an IR image with low noise level. If, however, a quantitative 
analysis is needed, a temperature calibration must be performed. This is done 
by detecting objects of known fixed temperatures—usually stabilized blackbody 
scenes—with the camera for a number of different object temperatures. These 
temperature-versus-signal-calibration curves are also stored in the firmware. 

The quality of the NUC and the corresponding correctness of measured ob- 
ject temperatures rely on the stability of the detector operation. Thermal drifts 
will change the detector response curve of the pixels and a new NUC must be 
performed. This means that to ensure a proper correction, FPA cameras must 
be recalibrated periodically. For a correction during camera operation, mostly 
a tempered flag or autoshutter is used for a single point offset NUC. If this au- 
toshutter operation is switched off, the periodic camera recalibration NUC will 
be disrupted. The missing internal correction will lead to a drift in the indicated 
temperature. Figure 2.64 depicts the situation for a LW thermal detector (bolome- 
ter) camera and a MW photon detector (PtSi) camera. For a period of about 2h, 
the temperature of a 70°C blackbody emitter (temperature-stabilized calibration 
source) was simultaneously measured with both cameras. The average temper- 
ature within the marked area was analyzed. At ¢ = 0, the autoshutter operation 
of the cameras was switched off. The bolometer-equipped LW camera shows a 
much stronger drift behavior of the indicated temperature (about 3 K) than the 
photon-detector-equipped MW camera (less than 0.5 K). 

The physical reason for the drift follows from the discussion in Section 2.2.3. 
The bolometer detector signal is generated by the net radiation power transferred 
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to the detector, which is given by the difference between the radiation power re- 
ceived from the object and the radiation power emitted by the detector itself. In 
addition, the thermal detector exchanges radiation with, for example, the camera 
housing and the optics. Therefore, a small change in the temperature balance in- 
side the camera will also change the transferred net radiation power and cause 
measurement errors. 

In contrast, in photon detectors the signal is generated from the incident radi- 
ation alone. A temperature change in the camera will also cause a change in the 
detector signal, but the deviations are much smaller than for the bolometer. More- 
over, bolometer responsivity strongly depends on the detector temperature owing 
to the high temperature coefficient (Section 2.2.3). Small temperature changes in 
the bolometer will cause strong signal changes, that is, wrong temperature mea- 
surements if automatic periodic recalibration is turned off. Based on a quanti- 
tative estimate (Section 2.2.3), the error of the indicated temperature at the end 
of a long-term measurement of about 3 K after 2h corresponds to a temperature 
change of about 100 mK in the bolometer. This example demonstrates the im- 
portance of a proper autoshutter operation for correct temperature calibration, 
especially in bolometer FPA cameras. 

Finally, it should be stressed that the detector signal is linear only in a certain 
output range, for example, from 20 to 80% of the detector saturation signal. The 


(c) 


Figure 2.63 IR images of a person (a) after NUC using a homogeneous background, (b) after 
NUC using the scene shown in (a) image, (c) observing homogeneous background after the 
person has left with the NUC of the (b) image. 
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Figure 2.64 Results of a long-term temperature measurement at a stabilized 70 °C blackbody 


emitter with switched-off operation of camera autoshutter. 


NUC works well only within these limits. For very low signals as well as close to 
saturation, an increased fixed pattern noise level will show up, that is, the NUC 
will no longer work. Figure 2.65 presents an example of an object (light bulb) 


Figure 2.65 Illustration of NUC limitations neous room temperature background, and 
due to detector signal saturation at high ra- (c) image immediately after bulb explosion 
diance levels. (a) Image of a cold light bulb due to high-voltage pulse application (ex- 


without NUC, (b) image of the light bulb at tremely high temperatures cause detector 
room temperature after NUC with homoge- signals close to saturation level). 
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recorded before a NUC (a), after the NUC (b), and after the NUC but with satu- 
rated signals (c). 


2.4.1.4 Bad Pixel Correction 

An ideal detector array consists of 100% perfect detectors, which—after perform- 
ing a NUC-will all give the same output signal when receiving the same radiant 
power. Unfortunately, however, while manufacturing large detector arrays, yields 
are less than 100%. This means that there are so-called bad pixels consisting ei- 
ther of really nonfunctionary detectors or of detectors whose gain and offset are 
too far off the average that they cannot be corrected for by a NUC. Very good 
manufacturers state that their detector arrays are only allowed less than 0.01% 
of bad pixels. For example, a 640 x 512 pixel camera would only be allowed to 
have at maximum 32 bad pixels in the whole array of 327 680 pixels. Probably all 
commercial cameras have bad pixels. They are usually corrected electronically by 
replacing the signal of the bad pixel by the weighted average of its neighbor pixels. 
Problems arise only if bad pixels form clusters. In this case, the corresponding ar- 
ray location is not suitable for accurate temperature measurements of very small 
objects. 


2.4.2 
Photon Detector versus Bolometer Cameras 


Today, the majority of IR cameras are equipped with microbolometer FPAs. These 
thermal imagers meet the demands of most practical applications and are much 
less expensive than photon detector FPA cameras. Microbolometers are char- 
acterized by relatively low sensitivities/detectivities, broad/flat spectral response 
curves, and slow response times on the order of 10 ms. Microbolometer FPAs are 
mostly temperature stabilized by a Peltier element. Because of their operation as 
thermal detectors, bolometers do not offer the possibility of fixing the integra- 
tion time (Figure 2.66). Rather, the integration time is given by the thermal time 
constant of the bolometer detectors. The frame rate of these cameras cannot be 
changed by the user. The image formation of microbolometer FPA cameras is 
characterized by a sequential readout of the detector lines within the full frame 
time, also called a rolling readout. 

For more demanding applications requiring higher sensitivities or time resolu- 
tions such as in R&D, photon detector FPA cameras are used. For the MW and LW 
spectral regions, the FPA is cooled to liquid nitrogen temperature, T = 77 K. For 
the SW region, the detectors are cooled by multistage Peltier elements. Photon de- 
tector FPAs exhibit a much larger responsivity/detectivity and a spectral response 
varying with wavelengths (Figure 2.1). Photodiode arrays offer time constants 
down to about 1 us. Therefore, photon detector cameras offer smaller NETD val- 
ues and higher frame rates than microbolometer cameras. 

The direct conversion of the photon flux into an electrical signal (photocur- 
rent) and the small time constants allow a snapshot operation of photon detector 
FPA cameras. The photocurrent of each pixel charges a capacitor during a user- 
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Figure 2.66 Signal generation process and signal readout in a bolometer camera (dotted line 
illustrates the time delay of bolometer temperature increase with Typ). 
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Figure 2.67 Signal generation process and signal readout in a photon detector camera. 


selected integration time (several microseconds to full frame time) (Figure 2.67). 
The readout by the ROIC is mostly possible in integrate-while-read or integrate- 
then-read mode. Because of the fast direct signal generation by the photon detec- 
tors and the readout process, the camera measurement can be triggered. 

The maximum achievable frame rate is limited by the speed of data transfer 
and storage. If we assume a detector with a time constant much below 1 us and a 
full frame integration time of 1 us, a frame rate of 1 MHz is theoretically possible. 
For the readout, mostly a dynamic range of 14 bits is used. This would result in 
a data rate of 14 Mbit/s per pixel. If the array size increases to a common size of 
320 x 240 pixels (76 800 pixels), such a high frame rate would require a data rate of 
about 1 Tbit/s. Today, the practical limit of the maximum data rate given by read- 
out electronics is significantly below this value. For example, the FLIR SC8000 
MW camera, equipped with an InSb FPA of 1024 x 1024 pixels, allows a maxi- 
mum full frame rate of 132 frames/s using a 16-channel readout [41]. This results 
in a practical overall data rate of about 2 Gbit/s. For higher frame rates, the win- 
dowed readout mode is used. This mode mostly allows a user-selected random 
size and location FPA windowing. The decreased pixel number allows for a faster 
frame rate. For example, the SC8000 at 160 x 120 pixels achieves 909 frames/s. To 
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Figure 2.68 FPA window sizes of FLIR SC6000 and maximum frame rates (random and user- 
defined windowing possible). fps: frames/s. 


capture high-speed events, the FLIR SC4000 and the SC6000 high-speed cameras 
offer maximum frame rates of 48 kHz (2 x 64 pixels) and 36 kHz (4 x 64 pixels), re- 
spectively [41]. Figure 2.68 depicts the FPA window size of a FLIR SC6000 camera 
relative to the maximum frame rates. 

With respect to the characteristics given for photon detector FPAs, IR cameras 
with a PtSi FPA form an exception. This is due to the low quantum efficiency. 
As discussed in Section 2.2.5, the sensitivity of PtSi detectors is limited and large 
integration times are necessary to achieve sensitive detection. Therefore, cameras 
equipped with PtSi detectors commonly use a full frame time constant of 20 ms 
for signal integration. 


2.4.3 
Detector Temperature Stabilization and Detector Cooling 


For optimum operation of IR detectors in thermal imaging systems, the detector 
temperature (thermal detectors) or detector cooling (photon detectors) must be 
stabilized. 

For bolometer FPA and SW InGaAs FPA cameras, thermoelectric heaters/ 
coolers are used. Thermoelectric cooling/heating uses the Peltier effect [57] to 
create a heat flux between the junctions of two different materials (Figure 2.69). 
A DC current is forced through the thermoelectric materials. During operation, 
heat is removed from one type of junction and creates the cold side of the ele- 
ment. At the other type of junction heat is generated, forming the hot side of the 
element. If the current direction is changed, the heat flux direction will also be 
changed. This causes a cooling of the former hot side and a heating of the former 
cool side of the Peltier element. The cooling efficiency depends on the materi- 
als used. The best performance is achieved using semiconductor materials. The 
Peltier coolers are arranged in one- to more than three-stage arrangements (Fig- 
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Figure 2.69 Operational principle of Peltier coolers (a), example of a Peltier cooler (b), two- 
and three-stage Peltier coolers (c and d). 


ure 2.69). Peltier elements are used for both cooling InGaAs detector arrays in 
SW cameras and stabilizing the temperature of microbolometer arrays in LW 
cameras. Detectors in bolometer cameras are usually operated at temperatures 
of around 30°C, which is mostly above ambient temperature. In principle, the 
temperature stabilization could also work by cooling the detector if ambient tem- 
perature exceeded the chosen detector temperature. Bolometer temperatures 
should be different from ambient temperatures so as to avoid a temperature 
change of the bolometer detector sensitivity with changing ambient temperature 
(camera temperature) (Section 2.2.3). A one-stage cooler offers maximum tem- 
perature differences of about 50-75 K between the hot and cold sides, which is 
sufficient for FPA temperature stabilization. 

In contrast, photon detectors require increased cooling with increasing wave- 
length (Section 2.2.4.4). MW and LW photon detectors mostly operate at about 
77K. 

Multistage Peltier coolers are used to increase the temperature difference. Un- 
fortunately, the cooling efficiency decreases with decreasing temperature, which 
means that temperature differences decrease from stage to stage [57]. Therefore, 
the number of cooling stages is mostly limited to three. With a three-stage cooler, 
a maximum temperature difference of about AT = 120—140 K can be reached, 
that is, T = 150—170 K. Therefore, the application of thermoelectric cooling for 
FPAs is restricted to the near-IR or SW spectral region. 

In the early stage of IR camera technology for detector cooling in MW and LW 
cameras, liquid nitrogen at 77 K (—196 °C) was used. Later, an electrical solution to 
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Figure 2.70 (a) Stirling cooler working with helium gas for IR detector cooling and (b-d) ex- 
amples of cooled FPA assemblies. Image courtesy: Infrared Training Center, FLIR. 


cryogenic cooling using the Stirling process [58] was developed (Figure 2.70). The 
Stirling process removes heat from a cold finger with the FPA by a thermodynamic 
cycle. This heat is dissipated at the warm side. The efficiency of the Stirling process 
is relatively low but meets the requirements of the necessary IR detector cooling 
owing to the low heat capacity and small heat losses. Stirling coolers allow detec- 
tor temperatures of 77 K and below. The small cooler size and weight, electrical 
(e.g., electrical power consumption), and mechanical (e.g., mechanical vibrations) 
properties, reliability, and lifetime (more than 8000 h of operation guaranteed) of 
Stirling coolers led to their widespread use in thermal imaging systems. 
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2.4.4.1 Spectral Response 

Most IR cameras are characterized by a broad spectral response. Figure 2.71 de- 
picts the spectral response curves of a number of IR cameras, normalized to their 
maximum value. 


2.4.4.2 Chromatic Aberrations 

Broadband detection is mostly accompanied by considerable chromatic aberra- 
tions of the lenses, which cannot be corrected completely. These and other aberra- 
tions affect the object—image transformation by the optics and limit the important 
image quality parameters, for example, spatial resolution or MTF (Sections 2.5.3 
and 2.5.4). Figure 2.72 depicts the aberration-induced blurring of an object field 
during the transformation into an image. 

Ideal optical imaging means that the detector element receives radiation only 
from a well-shaped object field as depicted in Figure 2.72a. Aberrations will cause 
a spreading of the object radiance distribution, that is, a blurring effect: the ra- 
diation of the object field is also detected by the neighboring detector elements 
(Figure 2.72b). On the one hand, if this detector signal was the result of optical im- 
age generation owing to an ideal aberration-free lens, the blurring would be inter- 
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Figure 2.71 Typical spectral response curves of various thermal imaging systems. 
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Figure 2.72 Comparison of ideal and real optical imaging. Ideal system (a) and realistic situa- 
tion due to optics aberrations (b,c). 


preted as being due to a large object size, that is, aberrations diminish the spatial 
resolution. On the other hand, the object radiance on the detector pixel decreases 
owing to the blurring. This can also cause an incorrect temperature reading since 
the chosen pixel receives less radiation from the corresponding object area plus 
additional radiance contributions (of differing amount) from neighboring pixels 
(Figure 2.72c). 


2.4.4.3 Field of View 

The object field is transformed to an image within the FOV of the camera. The 
FOV is the angular extent of the observable object field (Figure 2.73). Sometimes 
the FOV is also given as the area seen by the camera. 

The FOV can be easily constructed from geometrical optics. Rays passing 
through the center of a (thin) lens are not refracted. Therefore, rays that finally 
hit the four edges of the detector array limit the FOV. 

The FOV depends on the camera lens and the FPA dimensions. For a camera 
lens with a focal length f and a FPA with linear dimension b, the FOV can be 
calculated as follows: 


FOV = 2 arctan (+) (2.51) 


2f 
The object area with length x captured by the camera at a given object distance 
D can be calculated from 


x=2Dtan (=) (2.52) 


The rectangular shape of the FPA causes different horizontal fields of view 
(HFOV) and vertical fields of view (VFOV). 

Different camera optics allow a change of the camera FOV. Figure 2.74 shows 
some camera lenses for the MW FLIR SC6000 and the LW SC2000 cameras with 
different focal lengths. 

The corresponding fields of view are given in Table 2.4. 
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Object scene 
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Figure 2.73 (a) Calculation of camera’s angular field of view and (b) area seen by camera. 
(c) Two-dimensional cross section. 


Table 2.4 Camera fields of view for different lenses. 


Camera lens 


7 
12° 

15° 

Standard 24° 

25° 

45° 

Close-up 34/80 
Close-up 64/150 

25 mm (focal length) 
50 mm (focal length) 


FLIR SC6000 
(640 x 512 pixels) 
HFOV°/VFOV? 


35.5°/28.7° 
18.2°/14.6° 


FLIR SC2000 
(320 x 240 pixels) 
HFOV°/VFOV? 


12°/9° 
24°/18° 
45°/33.8° 
24°/18° 
24°/18° 


FLIR T 650sc 
(640 x 480 pixels) 
HFOV°/VFOV? 


7°15.3° 
15°/11.3° 
25°/18.8° 
45°/33.8° 
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Figure 2.74 (a) Different lenses for MW SC6000 camera, (b) LW camera SC2000, and (c) T650 SC 
LW camera. 


The label x/ y for the close-up lenses is related to the FOV; however, the num- 
bers also directly give the minimum object distance (y) and the corresponding 
horizontal object size (x) at this distance. If the horizontal number of pixels is 
known, one can immediately estimate the best possible spatial resolution. For ex- 
ample, x = 34 mm with 320 pixels means that each pixel reflects an object size of 
34mm /320 x 0.1mm. 

Figure 2.75 depicts the IR images of an object scene for the different LW camera 
lenses. The smaller the FOV of the camera, the better the spatial resolution of the 
IR image. The knowledge of the camera FOV is necessary to estimate the smallest 
object that can be detected and to ensure a correct temperature measurement. 
From the FOV, the IFOV can be determined by dividing the FOV by the number 
of FPA pixels in a line (horizontal or HIFOV) or in a column (vertical or VIFOV) 
(Section 2.5.3). 
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(c) 


Figure 2.75 Images of an object scene (a), FLIR SC2000 LW images with different lenses: 45° 
wide angle (b), standard 24° camera lens (c), and 12° telescope lens (d). The angle refers to the 
horizontal direction. 


2.4.4.4 Extender Rings 
Some IR cameras allow for the use of extender rings between the camera and the 
camera objective. Extender rings are known from macrophotography and offer 
an inexpensive and easy way to increase the magnification. The purpose of exten- 
der rings is to move the objective lens farther from the FPA to magnify an image 
(Figure 2.76). Extender rings decrease the distance between camera and object. 
A simplified estimate is possible using the thin lens formula. It relates object 
distance x,, image distance x;, and lens focal length via 


fe, Age (2.53) 


When observing objects in distances measured in meters and using lenses with 
focal lengths in the centimeter range, x, > f and x; = f+zwithz<« /. Therefore, 


es eso 
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Figure 2.76 Increasing object magnification using extender rings by increasing distance from 
lens to detector and decreasing distance from camera to object. 


The ratio of image size C; to object size C, is given by 


Go 28 Utazz (2.56) 
Co * fF+oD f 

Assume, for example, a 50 mm lens that, without an extender ring, has z= 5 mm, 
corresponding to an object distance of x, = 0.55 mand C,/C, = 1/10. Introducing 
an extender ring of 0.25” ~ 6 mm gives z* = 11mm, x* = (50 - 61)/11 % 0.277 m, 
and C#/C* = 11/50 ~ 1/4.54. Obviously, the image size has increased to 


(2.57) 


Figure 2.77 depicts thermal images of a €1 coin for different extender rings, 
recorded at minimum possible object distances, as well as the result using the 
microscope objective. 

The use of extender rings has some drawbacks, such as decreasing the FOV 
with a corresponding loss of radiation with increasing extender ring thickness. 
This will cause significant uncertainties in the object temperature determination. 
The strongest degradation of the image quality is observed at the image corners. A 
much better image quality is observed if close-up lenses or a microscope objective 
is used (Figure 2.77)). 


2.4.4.5 Narcissus Effect 

In IR imaging, an optical reflection effect occurs that is unknown from imaging 
in the visible spectral range. The so-called Narcissus effect occurs when there is 
a reflection from the camera lens, a window, or an object such that the camera 
detects the reflection of itself. The Narcissus effect becomes pronounced if the 
reflecting object is in the focus of the camera. This effect results in a dark (cold) 
or bright (warm) spot in the IR image depending on the detector temperature. 
Figure 2.78 illustrates the Narcissus effect for a cooled InSb MW camera and a 
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Figure 2.77 Image magnification using a 50 mm lens and extender rings (b-i) and a micro- 
scope optics (j). Extender ring sizes: (c) 0.25”, (d) 0.375”, (e) 0.5”, (f) 1”, (g) 2.125”, (h) 3.125”, 
(i) 4.125” (" = inches). 
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Figure 2.78 Narcissus effect looking at a polished room temperature metal plate for a 
MW camera (77 K cooled InSb FPA), (a) and with a LW camera (temperature-stabilized mi- 
crobolometer FPA) (b). 
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bolometer LW camera viewing a polished steel plate at room temperature (about 
22°C). The LW camera is measuring a maximum temperature of 39°C for an ob- 
ject emissivity of 1 (perfect 100% mirror) on the lens area. The MW camera is 
measuring a temperature below —60°C. One way to avoid this effect is to change 
the viewing angle to a value such that there is no incident reflected radiation from 
the camera detector area on the camera objective. 

The Narcissus effect is particularly important when using filters, for example, 
for narrowband detection or other plane-parallel partially transparent plates be- 
tween camera and object. 

Some R&D cameras, such as the FLIR SC6000, allow users to perform NUCs. 
A one-point NUC can be performed by placing a homogeneous tempered black- 
body in front of the camera objective. Figure 2.79 illustrates that such a one-point 
NUC can be used to eliminate the Narcissus effect if a reflecting object, for ex- 
ample a silicon wafer optically polished on both sides, is placed in front of the 
camera. Silicon is transparent in the MW spectral region but reflects about 50% 


(c) 


Figure 2.79 Elimination of Narcissus effect 
caused by a dual-side polished silicon wafer 
positioned in front of the camera objective 
performing a NUC of a FLIR SC6000 camera. 
(a) Object image without silicon wafer after 
NUC. (b) Object image with silicon wafer in 
front of camera objective showing Narcissus 


(d) 


in center of image. (c) Object image with sil- 
icon wafer in front of camera objective after 
performing an additional NUC (silicon wafer 
during NUC in front of camera objective). 

(d) Object image after removing silicon wafer 
showing inverse Narcissus effect in center of 
image. 
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(Figure 1.50). Figure 2.79a depicts an object scene after a NUC with a homoge- 
neous background. If the silicon wafer is placed in front of the camera, the Nar- 
cissus effect is clearly seen (Figure 2.79b). Now an additional NUC is performed 
using a homogeneous background but with the wafer in front of the camera. Af- 
ter this procedure, the Narcissus effect is eliminated (Figure 2.79c). Removing the 
silicon wafer will now lead to an inverse Narcissus effect, as shown in Figure 2.79d. 


2.4.4.6 Spectral Filters 

The additional use of spectral filters can expand the applications of thermal imag- 
ing. As discussed in Chapter 1, the object optical IR properties, for example emis- 
sivity, are important for thermal imaging. Not only materials such as glass or plas- 
tics but also combustion flames can be characterized as selective emitters and are 
characterized by a wavelength-dependent emissivity. An analysis of such selective 
emitters becomes possible at wavelengths with strong absorption in these mate- 
rials. The camera can be spectrally adapted to these wavelengths by inserting ap- 
propriate filters. The spectral filters are described as short-pass (SP), long-pass 
(LP), bandpass (BP), and narrow bandpass (NBP) filters (Figure 2.80). 

In addition to these spectral filters, neutral density (ND) filters are used to at- 
tenuate IR radiation without a spectral filtering (wavelength-independent trans- 
mittance below 100%), for example, to prevent detector saturation at higher sig- 
nal levels. It is important that only interference or dichroic filters be used. The 
spectral filtering is based on the reflectance and transmittance by the interfer- 
ence effect; it is not due to absorption by the filter. Filter absorption would cause 
a temperature increase in the filter. According to Kirchhoff’s law, any absorbing 
filter would also emit very efficiently (Chapter 1). The detection of this additional 
radiation by the camera would lead to measurement errors. Sometimes the opti- 
cal layers on both sides of the filter are the reason behind the spectrally dependent 
transmittance of the filter (Figure 2.81). The optical layers on one side of the fil- 
ter substrate will only partially block the incident radiation (SP filter with cutoff 
wavelength J cutog ON one side of the substrate and LP filter with cut-on wavelength 
A euton < Acutog ON the other side of the substrate). The spectral transmittance of 
the BP filter is formed by the cut-on and cutoff behavior of the combined SP and 
LP filters. If the filter substrate material is not transparent in the entire IR spectral 
region, for example, sapphire (used for MW filters), the object radiation must be 
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Figure 2.80 Spectral transmittance of differ- 
Wavelength ———> ent types of optical filters. 
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Figure 2.81 NBP filter for glass temperature measurement of (a) spectral filter transmittance 
and (b) separate spectral transmittance of interference filter layers acting as LP and SP filters 
on both sides of sapphire substrate. 


incident on the filter side with the SP filter that blocks the longer wavelengths of 
substrate absorption (e.g., owing to the strong absorption behavior of sapphire at 
wavelengths above 5 um, the LW region must be blocked) (see also Figure 1.63). 

Table 2.5 gives a compilation of some standard filters used in thermal imaging. 

For demanding applications with spectral adaptation, cold filters are used in 
front of the photon detector housing. Cold filters reduce the detector signal gen- 
erated from the 300 K background radiation (e.g., inside camera parts) and cause 
an increased signal contrast. 


2.4.5 
Calibration 


An IR camera as a radiometer allows one to measure some radiometric quantities, 
such as radiance or radiant power. The purpose of calibration is to determine the 
accurate quantitative relations between camera output and incident radiation. For 
the calibration procedure, blackbodies (emissivity close to unity) at different tem- 
peratures are used since their radiometric quantities, such as excitance M or radi- 
ance L, and their spectral quantities are well defined (Section 1.3). Therefore, the 
calibration process gives a relation between camera signal and blackbody temper- 
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Table 2.5 Some standard IR filters for thermography. 


Wavelength Type Application 


(um) 

2.3 NBP Measurement through glass 

3.42 NBP Measurement of plastics temperature (polyethy- 
lene) 

3.6-4 BP Reduction of atmospheric influences at longer 
measurement distances 

3.6 LP Reduction of influence of sun reflections 

3.7-4 BP Measurement through flames 

3.9 BP Measurement of high object temperatures (re- 
duces incident radiation on detector) 

4.25 NBP Measurement of flame temperatures 

5.0 NBP Measurement of glass temperature 

7.5 LP Measurement only in LW spectral region 

8.3 NBP Measurement of Teflon temperatures 


SP, short pass; NBP, narrow bandpass; BP, bandpass; LP, long pass. 


ature. During camera calibration, the signal of each pixel depending on the black- 
body temperature is determined. Therefore, the calibration process also forms a 
NUC of the detector array. Following camera calibration, all pixels will give the 
correct temperature information of the object. This is a NUC on the quantitative 
temperature scale, whereas the NUC discussed in Section 2.4.1.3 qualitatively ad- 
justed all detector pixel responses as depending on incident radiance. 

During calibration, the camera aperture is completely covered by the blackbody. 
The distance between the camera and the black body is small so that an atmo- 
spheric transmittance of unity can be assumed. This also means that atmospheric 
emittance is zero, that is, the incident radiance L and, hence, the camera output 
signal S ut(Tpp) for a given IR camera with range [1 , 1,] depend only on the tem- 
perature of the blackbody (Eq. (2.58)): 


Ay 
Sout( pp) = const. | Res, L,(T pp) dA (2.58) 
Ay 


The output signal depends on the spectral camera response, Res,, determined 
by the spectral detector responsivity, the spectral dependence of the optics trans- 
mittance, and the camera characteristic constant value, including the properties 
of the camera optics, such as the F-number of the camera lens. Changing the cam- 
era lens may change the F-number and the spectral transmittance of the optics. 
Therefore, the calibration must be performed for each lens separately. If filters are 
used, the spectral camera response is changed and a recalibration of the camera 
with the filter is necessary. The calibration parameters for different configurations 
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Figure 2.82 Blackbody-temperature-dependent camera output signal generated by incident 
blackbody object radiation for PtSi MW (3-5 um) and LW (8-14 um) cameras with constant 
spectral response. 


(e.g., different additional lenses of the camera) are generally stored in the cam- 
era firmware. The use of additional lenses can be detected by the camera itself if 
the camera can detect a lens code. This can be done, for example, by a magnetic 
coding of the lens and a Hall-sensor reading at the camera. If the camera detects 
an additional lens, the corresponding calibration curve will be uploaded to the 
firmware. 

The relative output signal dependence on blackbody temperature S,,,,(Tpp) cal- 
culated for MW (3-5 um) and LW (8-14 um) cameras is shown in Figure 2.82. For 
the calculation, the spectral camera response Res, was assumed to be constant 
(boxcar assumption) within the given wavelength limits and zero outside. 

The calibration curve is then approximated by a mathematical fit function 
Sout(Tpg). A polynomial or a typical exponential fit function can be used: 


— __-_ 
exp (B/Tzs) —F 


Using a least-squares-fit procedure, this function is adjusted to the calibra- 
tion curve, calculating the values R (response factor), B (spectral factor), and F 
(form factor) for the best fit. Most IR cameras offer overall temperature measure- 
ment ranges from below 0°C up to 1000-2000°C. With respect to the object- 
temperature dependence of the radiance, the whole temperature range must 
be divided into smaller temperature intervals to ensure optimum temperature 
sensitivity and to avoid a saturation of the detector signal. Therefore, the overall 
temperature range of the camera is divided into different measurement subranges 
and the dynamic range of a specific measurement is limited to the used measure- 
ment subrange. If a scene with a larger temperature dynamic range is observed, 
a decision must be made as to the best measurement subrange for the analy- 
sis or some images with different measurement subranges must be taken. R&D 
cameras offer the possibility of capturing large dynamic range scenes using su- 
perframing (Section 3.3). The measurement subrange is changed by changing the 
signal amplification or by using additional optical filters (ND or spectral filters) 


Sout(T pp) = (2.59) 
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Figure 2.83 Typical spectral sensitivities for LW bolometer and LW QWIP camera. 
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Figure 2.84 Blackbody-temperature-dependent camera output signal for LW bolometer cam- 
era and QWIP camera generated by incident blackbody object radiation (for spectral sensitivi- 
ties according to Figure 2.83). 


to attenuate the incident radiation on the detector to ensure detector operation 
within its linearity range. 

The real camera sensitivities (Figure 2.83) differ from boxcar-shaped spectral 
responses, which was assumed for Figure 2.82. 

The spectral sensitivity of the camera has an effect on the characteristics of 
the calibration curve (Figure 2.84). Compared to the actual bolometer curve, the 
boxcar spectral sensitivity curve has a slightly larger slope, that is, it should have a 
slightly better temperature sensitivity. The real bolometer and also QWIP camera 
calibration curves can be fitted using Eq. (2.59). Because of the limited bandwidth 
of the QWIP spectral sensitivity, this camera will exhibit a much smaller signal 
for the same object temperature as a bolometer camera. However, the slope of 
the signal to object temperature dependence is larger for the QWIP camera. In 
connection with the large D* values of the QWIP sensors, this behavior will cause 
a better temperature resolution. 

Besides spectral dependencies, the camera output signal is affected by the inci- 
dent object radiation as well as by the additional radiation from camera parts such 
as the optics, the detector window, and the inner parts of the camera. The output 
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signal of the camera, therefore, represents the sum of these two radiation frac- 
tions. The additional radiation depends on the camera temperature and causes a 
signal offset. The effect of this additional radiation can be corrected by a camera- 
temperature-dependent calibration. The quality of this correction determines the 
temperature measurement accuracy. 

During the measurement process, the camera temperature is measured by tem- 
perature sensors inside the camera, and the camera output signal is corrected us- 
ing the data from the camera-temperature-dependent calibration. The additional 
use of a tempered flag inside the camera offers the possibility of a one-point cam- 
era recalibration. This corrects the output signal by an offset and can be used 
to perform a NUC of the detector array (Section 2.4.1.3). These corrections will 
work only if the camera state is characterized by a thermal equilibrium. A rapid 
change in the ambient temperature will cause thermal shock behavior, which will 
lead to incorrect temperature measurements. This thermal shock behavior results 
from the thermal nonequilibrium inside the camera connected with temperature 
gradients. Because of the thermal mass of the camera, it can take a long time to 
achieve the equilibrium state (Section 2.4.6). 

Today, thermal imaging systems offer a dynamic range of 12 to 16 bits. This is 
the equivalent of 4096 to 65 536 signal levels and offers the option of expanding 
the measurement range. If, for example, a camera is operated within a measure- 
ment range of —20 to 80°C, it is also possible to measure temperatures slightly 
below or above the measurement range limits. As an example, Figure 2.85 de- 
picts the detector digitization for a 12 bit system. The temperature information of 
the whole measurement range is captured and available for image analysis. For the 
representation and the analysis, it is possible to fix a level and a span (Figure 2.85). 
These two parameters only affect the image representation and correspond to the 
brightness and contrast of the image, respectively. The temperatures within the 
span range can be depicted in levels of gray or false colors (palette). Mostly 8 bit 
scales with 256 colors are used with predefined color palettes. 


2.4.6 
Camera Operation 


Accurate temperature measurement using thermal imaging requires correct cam- 
era operation. If, for example, the camera is not yet in thermal equilibrium, it will 
not perform well in field measurements, although it would have passed all camera 
specifications during tests in the laboratory. In the latter, the cameras are started 
several hours before the tests so that they are in thermal equilibrium. As a conse- 
quence, all manually or automatically performed camera correctives refer only to 
thermal equilibrium conditions. To enable accurate calibrations, most IR cameras 
have internal temperature sensors to monitor temperatures of camera parts. Dur- 
ing the calibration process, the cameras are placed in an environmental chamber. 
The data collected from measurements at different camera ambient and object 
(blackbody) temperatures are stored in the firmware. These data are used to cor- 
rect the camera temperature output. This correction, referred to as ambient drift 
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Figure 2.85 Digitization of the detector signal for a 12-bit system, level, and span. 


correction, is hence accurate for a thermal steady-state camera behavior similar to 
that during the calibration process. 

To demonstrate the associated uncertainties in temperature measurements, 
two typical situations of camera operation with possibly transient thermal cam- 
era conditions are discussed. First, incorrect temperature readings may occur 
right after the camera is switched on. Second, measurements following rapid 
changes in the camera’s ambient temperature can also result in measurement 
errors. 


2.4.6.1 Switch-On Behavior of Cameras 
The apparent object temperature drifts due to the camera temperature drift fol- 
lowing switch-on were measured using a cooled MW PtSi camera and a LW mi- 
crobolometer camera. Figure 2.86 depicts measured blackbody temperatures after 
the cameras were switched on, using stabilized blackbodies at 30 and 70°C (long- 
term temperature stabilization for more than 2 h prior to the start of measurement 
with A Tg < 0.1°C). The measurements started immediately after the cameras 
were ready for image acquisition. This switch-on process takes about 5 min for 
the LW microblometer camera and 10 min for the cooled MW PtSi camera. 
Both cameras show characteristic signal changes within the first 90—120 min af- 
ter switch-on. The LW microbolometer camera exhibits a more distinctive change 
in the temperature measured. Immediately after switch-on, the LW camera mea- 
sures 2—3 K higher temperatures depending on the object temperature. For the 
MW camera, smaller deviations between 0.5 and 1 K were measured. For both 
cameras, the autoshutter operation (periodic measurement of tempered flag for 
one-point recalibration) was activated. The observed steps of time-dependent 
temperature measurement result from the autoshutter operation. The auto-adjust 
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Figure 2.86 Results of long-term temperature measurement at blackbody emitter stabilized at 
30°C (a) and 70°C (b) with MW and LW IR cameras after camera switch-on. 


procedure strongly influences the temperature measurement of the LW camera. 
The bolometer detector signal is generated by the net radiation incident on the de- 
tector (Section 2.2.3). Furthermore, the bolometer sensitivity strongly depends on 
its temperature. Therefore, thermal nonequilibrium conditions as well as bolome- 
ter temperature drift will affect the temperature measurement more strongly. 

The time to reach thermal equilibrium within the cameras takes more than 
90 min, but the temperature readings of both cameras achieve the given camera 
specification of a temperature accuracy of +2 K after about 10 min. 


2.4.6.2 Thermal Shock Behavior 

The second situation to be discussed is known as the thermal shock behavior 
of cameras. During field measurements the ambient temperature often changes 
rapidly, for example, while taking the camera from outside into a heated build- 
ing during winter or vice versa. This can cause a thermal shock to the IR camera 
and result in an incorrect temperature reading since the camera is not in thermal 
equilibrium, although it may have been switched on hours earlier. As discussed in 
Section 2.4.5, the accuracy of the radiometric temperature measurement depends 
on the accuracy of the object signal calculation. The measured detector signal 
must be corrected for the additional radiation from, for example, the camera op- 
tics or other parts within the camera housing. If the ambient temperature changes 
rapidly, the camera will exhibit transient temperature changes with temperature 
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Figure 2.87 Results of long-term temperature measurement at blackbody emitter stabilized at 
30°C (a) and 70°C (b) with MW and LW IR cameras following rapid change in camera ambient 
temperature from 13 to 23°C and camera switch-on. 


gradients inside the camera. This limits the accuracy of the detector signal cor- 
rection algorithms and causes measurement errors. Because of the large camera 
thermal mass, one must expect large thermal time constants of minutes to hours. 

To analyze this thermal shock behavior, the same two cameras of Figure 2.86 
were tempered to 13°C in an environmental chamber for 2h in order to obtain 
steady-state temperature camera conditions. The ambient temperature was 23°C 
and the relative humidity 50% (dew-point temperature below 13°C). After 2h, 
the cameras were taken out and switched on. Measurements started (t = 0) im- 
mediately after the cameras were ready for temperature recordings (Figure 2.87). 
Similar to Figure 2.86, temperature-stabilized blackbodies were studied at 30 and 
70°C. 

In this experiment, both the switch-on and the thermal shock behavior are ob- 
served simultaneously. Results similar to those for pure switch-on measurements 
are observed. The LW bolometer camera is more sensitive to the thermal shock 
because of the 10 K increase in the ambient temperature with a temperature inac- 
curacy of 3—4 K at the beginning of the measurements. The MW camera is within 
the accuracy specification immediately after the start of the measurements. For 
the LW bolometer camera, it takes 20-30 min to reach the +2 K accuracy speci- 
fication of the camera. 
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From Figures 2.86 and 2.87 it can be concluded that steady-state camera tem- 
perature conditions are necessary for accurate temperature measurements. Be- 
cause of the more sensitive signal correction process in bolometer cameras, their 
measurement accuracy is more sensitive to transient temperature changes due to 
either switch-on or thermal shock. 


2.4.7 
Camera Software - Software Tools 


IR cameras without analysis software would just provide qualitative false color 
images of objects. However, whenever quantitative results are needed like tem- 
peratures, line plots, or reports, software tools are indispensable. 

All manufacturers of thermal imaging systems provide a variety of software 
tools ranging from general-purpose software packages, including, for example, 
thermal image analysis and generation of IR inspection reports, to sophisticated 
software packages that, for example, offer camera control functions, real-time im- 
age storage at selectable integration times, and frame rates or radiometric calcu- 
lations. 

The general-purpose software mostly contains the following key features: 


e Level and span adjustment; 

e Selectable color palette and isotherms; 

e Definition of spot analysis, lines, and areas with temperature measurements 
for maximum, minimum, and average temperatures; 

e Adjustment of object parameters (emissivity) and measurement parameters 
(e.g., humidity, object distance, ambient temperature); 

e Creation of professional customized reports with flexible design and layout 
(e.g., export to other software such as Microsoft Office, including visible im- 
ages). 


For a very detailed analysis of static or transient thermal processes sophisti- 
cated software specially designed for R&D is available. Beyond the features of the 
general-purpose software, such software usually includes more complex data stor- 
age, analysis, and camera operation tools: 


e Remote control of camera from PC (most or all camera parameters can be con- 
trolled by the PC); 

e High-speed IR data acquisition, analysis, and storage; 

e Digital zoom of IR images, use of subframes; 

e Raw data acquisition and analysis, radiometric calculations; 

e Automatic temperature vs. time and three-dimensional temperature profile 
plotting, additional graphic, and image processing tools; 

e Different data format export, automatic conversion to, for example, JPEG, 
BMP, AVI, or MATLAB format; 

e Data export to other common software applications such as Microsoft Office; 

e Thermal image subtraction; 
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e Definition of different regions of interest with different shapes, separate emis- 
sivity, and so on; 
e Customized camera calibration and NUCs. 


2.5 
Camera Performance Characterization 


The system performance evaluation of thermal imagers is well standardized and 
a lot of research has been done on the characterization and testing of imaging 
systems [47, 48, 59-61]. In general, however, it is difficult for most practitioners 
to relate the relevance of the system performance parameters to their applications 
and the measurement results. 

The performance of a thermal imaging system is described by a number of pa- 
rameters, such as thermal response, detector and electronic noise, geometric res- 
olution, accuracy, spectral range, frame rate, integration time, and so on. These 
parameters can be divided into two groups: objective and subjective parameters 
(Table 2.6). 

The temperature resolution given by NETD and the spatial resolution given by 
IFOV are important objective performance parameters. They both significantly 
affect image quality. An evaluation of the quality and performance limits of ther- 
mal imagers more oriented toward practical applications requires a combination 
of these parameters. Additionally, the subjective factor (the ability to detect, rec- 
ognize, and identify temperature differences while using the camera system) due 
to the human observer must be taken into consideration. The MRTD and the 
MDTD combine the objective and subjective parameters and are directly related 
to applications. 

For any practical thermal imaging, the following question must eventually be 
answered: Is the camera suited to my application on the basis of its performance 
parameters? Accurate knowledge of the most important performance limits of the 
thermal imaging system used and their relevance to the application is crucial for 
correct temperature measurements and interpretation of the results. Therefore, 
camera performance parameters and their influence on practical measurement 
results are discussed in more detail in what follows. 


2.5.1 
Temperature Accuracy 


The specification of accuracy (or, more precisely, inaccuracy) gives the absolute 
value of the temperature measurement error for blackbody temperature measure- 
ments. For most IR cameras, the absolute temperature accuracy is specified to be 
+2°C or +2% of the measured temperature. The larger value is valid. The tem- 
perature measurement errors arise as a consequence of errors in radiometry con- 
nected with the calibration procedure, the long- and short-term variability of the 
camera sensitivity, the limited accuracy of object radiation calculation from the 
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Table 2.6 Camera performance parameters. 
Name Definition, description Unit Significance 
Objective Temperature Absolute error of blackbody K,°C, °F Absolute mea- 
parameters accuracy temperature measurement surement accu- 
racy 
NETD Minimum temperature differ- K, °C, °F Temperature 
ence for SNR =1 resolution 
FOV Angular extent of camera Degree, ° Detected object 
observable object field field 
IFOV Angular extent of object field mrad Spatial resolution 
from which radiation is inci- 
dent on a detector pixel 
Frame rate Frequency at which unique 1/s, Hz Time resolution 
consecutive images are pro- 
duced 
Integration time Period of signal integration s Time resolution, 
sensitivity 
SRF (slit re- Ratio of signal response for - Spatial resolution 
sponse function) a slit size emitting object de- 
pending on slit width and 
infinite object width 
MTF Fourier transform of the cam- - Spatial resolution 
era response when viewing an 
ideal point source 
Subjective MRTD (mini- Minimum temperature dif- K, °C, °F Recognition of 
parameters mum resolvable ference at which a 4 bar target temperature dif- 
temperature can be resolved by a human ference (depen- 
difference) observer dependent on spatial dent on spatial 
frequency of bar target frequency) 
MDTD (mini- Minimum temperature dif- K°C, °F Detection of 
mum detectable ference at which a circular small objects 
temperature or square object can be de- with low temper- 
difference) tected by a human observer ature difference 


dependent on the object size 


(dependent on 
object size) 


measured radiant power (Section 2.3), and so on. For the short-term reproducibil- 
ity of a temperature measurement, a value of +1% or +1°C is typical. 


2.5.2 


Temperature Resolution - Noise Equivalent Temperature Difference (NETD) 


The temperature resolution of a radiometric system is given by the NETD (see also 
Section 2.2.2), which quantifies the thermal sensitivity of the thermal imager. This 
parameter gives the minimum temperature difference between a blackbody object 
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SP01: 34.6 


(a) 


Figure 2.88 NETD measurement: experimental setup, blackbody image (a), and thermal fluc- 
tuations (b-e). 


and a blackbody background at which the SNR of the imager is equal to unity. The 
NETD is determined by the system noise and the signal transfer function [4, 43]. 

Experimentally the temperature-dependent NETD can be determined from the 
fluctuations of the measured temperature, analyzing the radiation from a heated 
and temperature-stabilized blackbody. 

Figure 2.88a depicts a thermal image while the camera is directed at the black- 
body source. A temperature-stabilized source was used with typical circular struc- 
tures because of the geometry. For each blackbody temperature, a spot tempera- 
ture measurement was recorded using a thousand images (with 50 images/s, this 
takes approximately 20s). Figure 2.88b—d gives a magnified view of the marked 
area at different times, demonstrating temperature fluctuations. The experiments 
were performed with a 3—5 um PtSi MW camera (AGEMA THV550). 

Figure 2.89a is a graph of the measured temperatures of a specific pixel as a 
function of time. It nicely illustrates the thermal noise of the imaging system since 
the thermal changes of the source happen on a much larger timescale. 

The frequency distribution of measured spot temperatures can be approx- 
imated by a standardized normal distribution, as expected for random noise 
processes (Figure 2.89b). 

Using the measured temperature data, the root-mean-square (rms) value of 
these temperature fluctuations, which defines the NETD, can be calculated. For 
the example shown in Figure 2.89, the NETD equals 0.065 K. 

The experimental NETD represents the half-width of the standardized normal 
distribution. This means that 68.3% of the measured temperatures are within the 
range T = (34.50 + 0.065) °C. 

From this measurement we can conclude that the deviation from the cor- 
rect temperature value in a single measurement can be much higher than the 
NETD because the NETD represents the root-mean-squared deviation. It can be 
seen that 95.4% of the temperatures measured are within the range T = (34.50 + 
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Figure 2.89 Results of a NETD measurement. (a) Time dependence of spot temperatures 
(marked in Figure 2.88) measured over 20 s with a frame rate of 50 Hz. (b) Frequency distribu- 
tion of measured spot temperatures centered around average object temperature. 


0.13) °C. This corresponds to the 20 value and 99.7% within T = (34.50 + 0.195) °C 
(30 value). 

Theoretically the NETD is defined as the ratio of the signal noise to the sig- 
nal transfer function (differential ratio of signal changes dS to temperature 
changes dT: dS/dT). The noise is given by the system (e.g., detector noise, 
amplifier noise) and independent of the object temperature measured. Because 
of the change in the signal transfer function with the object temperature Top 
the NETD decreases with increasing T,,; (Figure 2.90). This is caused by dite 
temperature-dependent thermal derivative owing to the spectral response of the 
imager. The measured object signal strongly increases with increasing temper- 
ature (stronger than a linear dependence). For the complete wavelength range 
(A = 0 > œ), the temperature-dependent signal S(T) ~ T* (Section 1.3.2.4), that 
is, the NETD ~ T™. For limited spectral ranges, however, S(T) = he S,(T) da 
varies, as shown in Figure 2.82. For the MW range, the signal change is governed 
by an exponential, leading to a strong decrease in the NETD with increasing ob- 
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Figure 2.90 Temperature dependence of NETD (root-mean-squared value of temperature 
fluctuations measured) as function of object temperature and measurement range. 


ject temperature. Therefore, within a measurement range selected at the thermal 
camera (e.g., —20 to 80°C), the NETD decreases with increasing temperature 
(Figure 2.90). 

If the measurement range is changed to a higher temperature range as shown in 
Figure 2.90, the NETD is strongly increased owing to the decreased sensitivity of 
the camera (signal decrease owing to the insertion of a filter but unchanged noise 
resulting in a smaller SNR or higher NETD). The lowest NETD values are always 
obtained at the upper temperature limits of the measurement ranges. Because of 
the temperature dependence of NETD, it only makes sense to give values at well- 
defined temperatures. 

In Figure 2.91, some temperature measurement results using different measure- 
ment ranges of the camera are shown. For the measurements, an 80°C blackbody 
was used as the target and all other measurement conditions are the same. Ob- 
viously the temperature measurement within the —20 to 80°C range exhibits the 
lowest noise (or NETD). The measurement within the highest temperature range 
is already outside of the useful part of the calibration curve. 

In addition, Figure 2.91 also illustrates the changes in absolute temperature val- 
ues. The two lower ranges are well within the stated accuracy range, in contrast to 
the 100—250°C range result. This illustrates the fact that although cameras may 
still be used outside the specified ranges, the results must be interpreted with care. 


2.5.3 
Spatial Resolution - IFOV and Slit Response Function 


The IFOV gives the angle over which one detector element of the FPA senses 
the object radiation [48] (Figure 2.92). Using the small angle approximation, the 
minimum object size whose image fits on a single detector element for a given 
distance can be calculated from object size = IFOV - distance (Table 2.7). 

For example, a focal length of f = 50mm and a single pixel size of 50 um give 
a IFOV of 1 milliradian (mrad). 


213 


214 


2 Basic Properties of IR Imaging Systems 


84 


foe) 
o 
i 


© 

QU 

£ 82 4 Measurement 

Ẹ range a o L 
T 81 -20-80 °C 

= 

o 

He 


‘| Measurement range 
80 NETD = 0.034 K 100-250 °C 


79 4 a aaa a aaa 
0 500 1000 1500 2000 2500 3000 


Number of spot temperature measurement 


Figure 2.91 Temperature measurement at 80°C blackbody using different measurement 
ranges of thermal camera; NETD was calculated from the root-mean square of the observed 
temperature fluctuations. 
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Figure 2.92 Angular IFOV for a detector pixel. (HIFOV: horizontal IFOV, VIFOV: vertical IFOV). 


Table 2.7 Minimum object size corresponding to IFOV = 1 mrad at different object distances. 


Distance (m) Minimum object size (mm) 
2 2 

10 10 

50 50 


At a distance D = 5.5 m, this IFOV refers to a minimum object size of 5.5 mm. 

It is important to keep in mind that the IFOV is only a geometric value calcu- 
lated from the detector size and the focal length of the optics (Figure 2.93a). The 
IFOV can also be determined by dividing the FOV by the number of pixels, for 
example, the IFOV amounts to 1 mrad for 20° FOV and 320 pixels. The system 
resolution is additionally influenced by the diffraction of the optics. This is de- 
scribed by the SRF, which is defined as a normalized dependence of the system 
response to a slit-size object with a variable slit width. Experimental analysis of 
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Figure 2.93 Spatial resolution: (a) two-dimensional definition of IFOV; (b) experimental deter- 
mination of SRF. 
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Figure 2.94 Measured temperature of object viewed through a slit with variable width along a 
line for a measurement distance of 5.5 m between the thermal camera with 20° lens (FOV) and 
the blackbody with variable slit. 


the SRF has been carried out. The test configuration is shown in Figure 2.93b. The 
angle © is the observable slit angle at the given slit width seen from the detector. 

The blackbody was heated to a temperature of 95 °C at a distance of 5.5 m from 
the thermal camera. The object size was changed by a variable slit from 30 to 
1 mm. The temperature was measured along a line perpendicular to the slit width 
(Figure 2.94). With decreasing object size, that is, slit width, the peak output be- 
came smaller. 

The SRF represents a function of the measured object signal difference at a de- 
fined slit width normalized to that measured with a very wide slit (correct object 
signal difference of the slit size target). The SRF can be calculated from the peak 
output for each slit width (Figure 2.95). This function provides both the imaging 
and the measurement resolution. 

The imaging resolution is usually defined as the angular width of the object seen 
from the camera that gives a 50% response in the SRF. However, the absolute min- 
imum size of the object for an accurate temperature measurement is two or three 
times the IFOV (in our case at a slit width of 12 or 18 mm at a measuring distance 
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Figure 2.95 Measured peak output temperatures at different slit widths (a) and slit response 
function SRF (b) as a function of the angular width of the object as seen from the camera (slit 
widths of 1, 2, 3, 4, 5, 6, 8, 10, 12.5, 15, 20, 25, and 30 mm, respectively). 


of 5.5 m using the THV 550) to reach 95% or 99% of the SRF, respectively. The 
deviation from the ideal SRF is caused by the aberrations of the camera optics, as 
discussed in Section 2.4.4. 

From these results the minimum necessary object size for accurate tempera- 
ture measurements can easily be calculated using the formula given earlier for 
the actual measurement distance, multiplying the object size by a factor of 2 or 3. 


2.5.4 
Image Quality: MTF, MRTD, and MDTD 


The MRTD measures the compound ability of a thermal imaging system and an 
observer to recognize periodic bar targets within an image shown on a display. It 
is the minimum temperature difference between the test patterns and the black- 
body background at which the observer can detect the pattern. This capability is 
governed by the thermal sensitivity (NETD) and the spatial resolution (IFOV) of 
the imaging system but strongly depends on other influencing variables such as 
the palette used, the ability of the observer to distinguish between different col- 
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Figure 2.96 Test patterns (four-bar target and a black plate as background). 


ors, and so on. ASTM standard MRTD and MDTD test methods are described 
in [62, 63]. 

The MRTD is measured by determining the minimum temperature difference 
between the bars of a standard four-bar target (Figure 2.96) and the background 
required to resolve the thermal image of the bars by the observer. Different bar 
dimensions are used to do the analysis with different spatial resolutions. The reg- 
ular four-bar target is characterized by a spatial frequency (cycles per length or 
cycles per milliradian). 

The contrast in the thermal image measured for different spatial frequencies of 
the bar targets decreases with increasing frequencies or narrower line pairs ow- 
ing to the limited resolution of the camera (SRF as a result of given IFOV and 
limited optics quality) (Figure 2.97). The black plate was heated in an environ- 
mental chamber to 60°C and was then placed as the hot background behind the 
four-bar target structures. The function contrast measured at the four-bar tar- 
get structures versus spatial frequency is called the modulation transfer function 
(MTF). For standard determination of MTF, measured object signals (raw signals) 
are used. Researcher software (e.g., FLIR ExaminIR or ResearchIR) was used to 
access the raw signals. 

The MTF shown in Figure 2.97 was calculated from the ratio of the measured 
object signal differences (detected raw signals) to the true object signal difference 
of the four-bar target and the background. For the MRTD measurements, the 
same equipment was used. The thermal images (50 frames/s) were stored during 
the cooling of the hot background plate down to room temperature. For the deter- 
mination of target and background temperatures, the average temperature from 
the areas marked in Figure 2.98 was used. By analyzing the temperature difference 
between these two temperatures during the cooling of the background from 60°C 
to room temperature, a functional fit for the time-dependent temperature differ- 
ence can be found. With this fit, we can assign a temperature difference to every 
image during the cooling period. Such a procedure is necessary to determine the 
correct values for the very low temperature differences where the measured tem- 
perature differences are strongly influenced by temperature fluctuations because 
of the system noise (Figure 2.98). 

Figure 2.99 depicts a series of images observed during the cooling period using 
the auto-adjust scale and the iron palette. Images at different temperature dif- 
ferences between bar target and background are shown. With decreasing tem- 
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Figure 2.97 Temperature contrast measured at different spatial frequencies. (a) Thermal im- 
age of test patterns during measurement (1.2 m measurement distance). (b) Temperature line 
profiles for different test patterns. (c) Spatial frequency-dependent MTF. 


perature differences, lower contrast details cannot be seen. First, the bar target 
corresponding to the largest spatial frequency can no longer be observed. 

Figure 2.100 shows the images that correspond to the individual subjective 
MRTD of one of the authors for the targets with different spatial frequencies. 
Using these results, one can get the MRTD dependent on the spatial frequency 
(number of line pairs per milliradian or cycles per milliradian) for a 24°C tem- 
perature level. We note that the selection is much easier when analyzing the time 
sequences compared to presenting still images since human perception is very 
sensitive to changes as a function of time. 
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Figure 2.98 MRTD measurement determination of temperature difference between bar target 
and background. 
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Figure 2.99 Images at different temperature differences between bar target and background 
for a PtSi MW camera. 


Because the MRTD is determined not only by the objective parameters (NETD, 
IFOV) but also by a lot of subjective parameters (observers ability to distinguish 
between different colors, display quality, etc.), it is important to look for opti- 
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Figure 2.100 (a) Images at temperature differences equal to determined MRTD for different 
spatial frequencies and (b) determined spatial-frequency dependence of MRTD. 


mum camera parameters to get low MRTD values. Figure 2.101 shows the same 
image using different palettes. The different contrast behavior within the images 
is clearly demonstrated. 

The MRTD result is strongly influenced by the used level and span. Small tem- 
perature differences can be detected only if the span and level are set to a maxi- 
mum color contrast (Figure 2.102). 

The MDTD measures the combined ability of a thermal imaging system and 
an observer to detect a small object. It is the minimum temperature difference 
between a circular or square object and the background necessary to detect the 
object. It is measured as MRTD versus the inverse spatial size or the angular size 
of the object. Figure 2.103 depicts a series of images of a square object with an 
angular size of 23 mrad during the cooling period. 

The individual subjective MDTD for this square object with an inverse angular 
size of 0.043 mrad“ was determined by one of the authors to be 0.05 K. 

The MRTD and MDTD are also very important when estimating the range for 
the IR camera detection of objects (Section 10.11). 
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Figure 2.101 Image at a temperature difference of 0.5 K using different palettes and auto- 
adjust scale. 


2.5.5 
Time Resolution - Frame Rate and Integration Time 


The accurate analysis of transient thermal processes requires a sufficient time res- 
olution of thermal imaging compared to the characteristic thermal time constant 
of the process to be investigated. Most practitioners use bolometer cameras. As 
described in Section 2.4.2, bolometer cameras usually do not offer the possibility 
of aselectable integration or exposure time in contrast to photon detector because 
their time constants are more than a factor of 1000 larger. 

In data sheets of imaging systems equipped with bolometer FPAs, the time reso- 
lution is usually just characterized by the frame rate as the relevant camera param- 
eter. This value is generally assumed to be connected with the time resolution for 
the imaging analysis. A simple experiment demonstrates that the frame rate alone 
will not give the time resolution of a camera. For this experiment, a free-falling 
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Figure 2.102 Image at a temperature difference of 0.2 K with different level and span adjust- 
ment for rain palette. 
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Figure 2.103 Images at different temperature differences between a square object of 23 mrad 
angular size and the background. 


rubber ball 3 cm in diameter was used. The rubber ball was heated to about 70°C. 
Starting at a height of 1 m above the ground, the free-falling ball was analyzed by 
thermal imaging with IR cameras for an object distance of about 4 m. Figure 2.104. 
depicts the results of the measurement using a FLIR SC2000 bolometer camera 
and an InSb camera FLIR SC6000 (photon detector camera with selectable inte- 
gration time) both operating at a frame rate of 50 Hz. 

With increasing velocity of the ball during the free-fall motion, the FLIR SC2000 
image of the ball becomes blurred due to the increasing speed of the ball. 

The time dependence of the measured ball temperature during the movement 
of the ball can be analyzed. The ball, with a temperature of about 70°C, always 
exhibits the maximum temperature in the IR image. Figure 2.105 depicts the mea- 
sured ball temperature during the movement of the ball. The measured temper- 
ature decreases with increasing ball velocity until the ball hits the ground. After 
bouncing off the ground, the velocity of the ball decreases and the determined 
temperature increases to about the actual ball temperature measured at the top, 
where the ball is at rest. This process of measured temperature change recurs dur- 
ing the periodic down and up movement of the bouncing ball. The correct ball 
temperature can only be determined when the ball is at rest. From these results it 
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(a) (b) 


Figure 2.104 Thermograms at 50 Hz frame rates of a free-falling ball (heated to a tempera- 
ture of 70°C, starting at a height of 1 m) measured with a LW bolometer camera FLIR SC2000 
(a) and a MW InSb camera FLIR SC6000 with 1 ms integration time (b). 
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Figure 2.105 Measured temperature of free-falling ball with LW bolometer camera. 


can be concluded that the analysis of transient thermal processes or temperatures 
from moving objects for bolometer cameras requires a detailed investigation of 
the camera limits given by the thermal detector time constant. For photon detec- 
tor cameras, the selectable integration time must be adjusted to the process to be 
analyzed. 

The large camera response time causes another result. The blurring of the image 
of the ball also shows that the IR image will not reflect the real spatial temperature 
distribution. This can be discussed in more detail using the temperature distribu- 
tion in the thermal image connected with the movement of the ball. Figure 2.106 
illustrates the results of a temperature profile measurement along the falling line 
of the ball, which for this image had already fallen about 92 cm. It is obvious that 
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Figure 2.106 Temperature measurement at line in image (b). Ball size has correct scaling. 
a free-falling ball (heated up to 70°C) with Time dependence of temperature measured 


LW FLIR SC2000 bolometer camera. Thermal along falling line with timescale calculated 
image of falling ball at 93 cm falling height from falling distance s using s = (1/2)gt? (c). 
(a). Profile of temperature distribution along 


nonzero temperature differences in a 16 cm range of the measured line profile are 
observed, although the falling ball had a diameter of only 3cm. 

This behavior is caused by the time constant of the bolometer detectors in the 
FLIR SC2000 camera. Thermal detectors such as bolometers exhibit a time con- 
stant within the millisecond range (Section 2.2.3). The measured temperature line 
profile corresponds to the temperature rise and decay process of the bolome- 
ter sensors of the camera. It is not caused by the rolling readout process of the 
bolometer FPA. If the camera is rotated by 90°, the signal will be essentially the 
same. 

From the falling distance s the speed of the ball v can be calculated using v = 
gt with gravitational acceleration g = 9.81 ms~*. Therefore, the falling distance 
shown in Figure 2.106b can be transformed into a timescale using s = (1/2)gt? 
(Figure 2.106c). 

At the lower end of the ball at the largest falling distance in the IR image, that 
is, for the largest falling time, the corresponding bolometer detector signal starts 
to rise owing to IR radiation from the ball. Behind the actual position of the ball 
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Figure 2.107 Signal rise and decay at bolometer for different speeds v of ball (ball diameter d) 
compared to bolometer time constant T-fast ball d/v < t-slow ball tT < d/v < 5t-very slow ball 
d/v = 5T. 


in the image, that is, at those detectors that no longer receive IR radiation from 
the ball, there is a drop in the signal characterized by the detector time constant. 
Therefore, the observed signal decay at the small time side of the signal directly 
reflects this time constant. Figure 2.106c depicts this detector signal rise and de- 
cay. For easier analysis, the signal was normalized to the maximum temperature 
difference AT mnax: One can estimate an exponential time dependence with a time 
constant T of about 10 ms. The time resolution of the camera is limited by this 
time constant T. 

To get a correct temperature reading with an uncertainty of about 1°C, one 
needs at least a 99% signal measurement (Section 2.2.3.1). This corresponds to a 
measurement time of 5r = 50 ms. At a frame rate of 50 Hz, an image is recorded 
every 20 ms, but the detector responds more slowly to temperature changes. 
Therefore, not only is the image of the falling ball blurred but also the measured 
temperature of the falling ball will be incorrect (Figures 2.105 and 2.106). At a 
falling distance of 93cm, the ball has a speed of 4.27 m s~}. Therefore, a pixel 
receives thermal radiation from the ball for only about 6 ms (1.3 mrad IFOV, 4m 
measurement distance, and a ball diameter of 3 cm), which is usually less than 
the time constant of the bolometer. As a consequence, the maximum signal is 
much lower than the 100% correct signal (Figure 2.107). Furthermore, the single 
bolometer signal itself from a 6 ms time window cannot be accurately analyzed 
since it also depends on the quality of the optics. Because of the extended À range, 
aberrations of the lenses may introduce additional uncertainties. Therefore, the 
signal rise of the bolometer close to the end of the ball should not be analyzed 
quantitatively. In contrast, the signal decay is only governed by the time constant 
of the detector. 

It is possible to derive a condition for correct temperature measurement that 
depends on the object speed and size. It represents the combination of time and 
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spatial resolution of the camera. If we require a measurement time of 57 to get a 
99% measurement signal, an object length Zobject and the length /j;oy determined 
by the camera IFOV in the object plane, the object speed is limited to 


lobject m hrov 


Vobject = 5r (2.60) 


At higher object speeds the image can show a significant blurring effect and a 
corresponding temperature measurement error. Only for well-defined conditions 
does image processing allow one to reduce the blurring in the images and calculate 
the correct object temperatures (Section 3.5.2.6). 

For InSb photon detectors of the FLIR SC6000, the detector time constants 
are much lower (nanoseconds to microseconds), and so these detectors respond 
much faster. For the FLIR SC6000 variable, integration time settings from 9 us to 
full frame time are possible. For the experiment with the falling ball (Figure 2.106) 
an integration time of 1 ms was used. No blurring of the image of the ball is ob- 
served, and the temperature of the ball can be correctly determined over the whole 
falling distance. 
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Chapter 3 
Advanced Methods in IR Imaging 


3.1 
Introduction 


This chapter gives a brief overview of some advanced methods used in IR ther- 
mal imaging. Compared to the basic methods of recording and manipulation of 
infrared (IR) images, for example, by the adjustment of measurement parame- 
ters (Chapter 2), these methods contain additional features for data collection and 
data processing. Examples are the use of additional components such as narrow- 
band spectral filters, the application of heat sources for thermal stimulation of the 
investigated object, the use of polarization of the IR radiation, or various image- 
processing tools. 


3.2 
Spectrally Resolved Infrared Thermal Imaging 


IR thermal imaging is a spectral measurement within limited bands (SW, MW, 
LW) of the electromagnetic spectrum (Chapter 1). The image results from the 
integration of all spectral signal contributions within the band used, that is, 0.9— 
1.7 um (SW), 3-5 um (MW), or 8-14 um (LW). 

The use of wide spectral bands increases the object radiance detected by a cam- 
era and enables the measurement of objects with low temperatures at room tem- 
perature or lower with good signal-to-noise ratio (SNR) (Chapter 2). 

Reducing the spectral bandwidth is particularly useful when dealing with 
nongray, that is, spectrally selective emitters with £ = e(A) (Figure 1.27). For 
such objects, broadband detection must first deal with the problem of a reason- 
able assumption for the average value of e within the chosen IR band. Second, for 
some selective emitters such as gases, only a tiny part of the spectrum is used and 
broadband detection automatically leads to a poor signal-to-background ratio 
(Section 8.3, Figure 8.7). 

In contrast, spectrally resolved IR thermal imaging will have the advantage of, 
first, a better-defined emissivity owing to the reduced bandwidth, which will make 
it possible to also quantitatively characterize spectrally selective emitters such as 
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plastics (Section 10.2). Second, for gases, it can drastically increase the signal- 
to-background ratio by only detecting signal changes in the relevant part of the 
spectrum (Chapter 8). Narrow spectral-band and dual-band measurements using 
pyrometry have already been successfully applied for a long time. They allow, for 
example, radiation thermometry in steel and glass production or plastics process- 
ing [1], that is, in cases where product temperature is the most critical operating 
parameter during manufacturing. 

The most advanced spectrally resolved thermal imaging techniques combine 
the spatially resolved measurements of an IR camera with IR spectroscopy, ulti- 
mately allowing measurements for each individual pixel. 


3.2.1 
Using Filters 


The use of spectral bandpass (BP) or narrow bandpass (NBP) filters (Section 2.4.4) 
is the easiest way to perform spectrally resolved IR thermal imaging. A large va- 
riety of these NBP and BP filters covering the complete spectral region from the 
SW to the LW IR are available [2]. Usually, research and development (R&D) cam- 
eras offer the possibility to mount an additional spectral filter between the camera 
lens and the detector (Figure 3.1). These filters mostly exhibit the same tempera- 
ture as the optics, hence they are called warm filters. They should be made from 
nonabsorbing materials to prevent self-heating and radiation emission toward the 
detector. They block radiation transmission outside the spectral BP by reflection 
using interference from a thin layer of IR-transparent films (alternating layers) 
made from different materials with different refractive indices (Section 1.6). 

For some applications such as GasFind cameras (Chapter 8) cold filters with 
temperatures close or equal to the detector temperature are used to increase the 
sensitivity by avoiding self-radiation of the filter and by blocking the radiation 
from warm parts of the camera. These cold filters form an integral part of the cold 
detector engine of the camera, as depicted in Figure 3.1b for a GasFind camera. 


Spectral filter transmittance 


Spectral ters O 


(a) (b) 


Figure 3.1 MW cameras for operation with housing. (b) FLIR GasFindIR GF300 camera 
spectral filters. (a) FLIR SC6000 camera. The with cold filter. (Image for (b) courtesy FLIR 
warm filters can be mounted between the Infrared Training Center.) 

camera lens and the window of the detector 
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Some research cameras that can house more than four cold filters are available 
with wheels. Cold filters may be made from partially absorbing materials in the 
used camera range. 


3.2.1.1 
Narrow spectral band thermal imaging using filters can be applied to analyze the 
temperature and temperature distribution of selective emitters, for example, glass. 
Thermal images obtained using glass filters are depicted in Figure 3.2 using a MW 
camera (3-5 um). 

Glasses are characterized by transparency from the visible to the near-IR re- 
gion. At about 2 um wavelength many glasses become semitransparent because 
of absorption and opaque between 3 um and at most about 5 um (Figure 3.2, for 
details see [3]). Transmission as a function of wavelength varies with glass compo- 
sition and depends on glass thickness (Section 1.5.4 and Figure 1.53). Therefore, 
measurement of the temperatures of the glass itself (rather than of objects behind 
it) by radiation thermometry requires the application of a spectral filter with nar- 
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Figure 3.2 Application of a glass spectral filter light bulb with an additional spectral glass 


to eliminate transparency for correct temper- 
ature measurement of glass itself. (a) Thermal 
image in MW region of a light bulb in oper- 
ation without additional spectral filtering, 

(b) thermal image in the MW region of the 


filter, and (c) comparison of InSb MW camera 
spectral sensitivity distribution and trans- 
mission spectra of glass (exemplary) and the 
used glass spectral filter. (Image courtesy FLIR 
Infrared Training Center.) 
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rowband transmission above 5 um. However, the spectral response of detectors 
like InSb used in the MW, strongly decreases for 1 > 5 um. Furthermore, absorp- 
tion due to water vapor strongly affects atmospheric transmission above 5 um, 
where glass is opaque. Obviously, a compromise must be found. The spectral fil- 
ters commonly used are transparent in the 5—5.2 um region. 

Figure 3.2a depicts an example of a light bulb that was analyzed during opera- 
tion. In broadband mode (or using a filter at 1 < 4 um), the glass transmits a large 
part of the radiation. Therefore, the camera looks through it and the hot filament 
is clearly seen. The measured temperatures do not accurately resemble the fila- 
ment temperature unless the proper attenuation owing to glass transmission is 
taken into account. 

With a narrowband glass filter, the camera only detects radiation from the bulb 
because the glass is opaque in this spectral region. The temperature scale in Fig- 
ure 3.2b refers to camera calibration without the filter. Therefore, correct temper- 
ature readings require a recalibration of the camera with the filter (Section 2.4.4). 

The question might arise as to why one would not measure glass tempera- 
tures with LW cameras. Glasses are characterized by large absorption coeffi- 
cients in the LW spectral band. The absorption coefficient at 1 = 8 um is about 
5.1 - 103 cm™! [4], that is, that glass becomes opaque for very small thicknesses in 
the micrometer range. This is associated with a significant reflectivity R in neigh- 
boring spectral regions of up to about 30% at 9.5 um (Figure 3.3). Glass obviously 
represents a selective emitter in the LW spectral range, and an accurate 8—14 um 
broadband measurement is not possible unless the correct average emissivity 
value £ = 1 — R is known. In Figure 3.3 the average value would be around 0.87 
(i.e., reflectivity around 0.13) for a boxcar model of detector sensitivity. 

However, rather than using a broadband detecting LW camera, one can also use 
a NBP filter. Minimum reflectivity occurs at the short-wave edge of the LW spec- 
tral range at 7.9 um. At this wavelength glass, with an emissivity larger than 0.99, is 
almost a perfect blackbody. Furthermore, at 7.9 um the atmospheric transmission 
is only weakly influenced by water vapor (Figure 1.54). This may explain why one 


0.3 


Reflectivity 
© 
a 


0.1 


nlp ss 


3 4 5 6 7 8 9 10 11 12 13 14 15 
Wavelength (um) 


Figure 3.3 Spectrally dependent reflectivity of glass. 
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IR camera manufacturer (Optris GmbH, Berlin, Germany) offers a thermal imager 
for industrial glass temperature measurements at 7.9 um based ona bolometer ar- 
ray detector with a narrow spectral band filter. LW bolometer arrays are sensitive 
to IR radiation at 7.9 um (Figure 2.83). The Optris PI 450 G7 IR camera (for de- 
tails see [5]) has 382 x 288 pixels, a measurement range of 200—1500°C, a noise 
equivalent temperature difference (NETD) of 0.13 K at 650 °C object temperature 
and can be operated in line scan function mode for industrial band processes. 

Note that throughout this book we use conventional values of 3—5 um for MW 
and 8—14 um for the LW IR range. Real detector sensitivities extend slightly be- 
yond these ranges such that a LW camera detector may well detect radiation at 
7.9 um (Figure 2.83). 


3.2.1.2 Plastic Filters 

Plastic films are typical examples of selective emitters. Being organic molecules, 
most polymers have carbon-hydrogen (C-H) bonds and exhibit the fundamental 
C-H absorption band around 3.4 um (see Figure 3.4 and the discussion of Gas- 
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filter for correct temperature measurements and transmission spectra of polyethylene plas- 
with MW cameras. (a) Thermal image of a plas- tic film and spectral filters made of two dif- 

tic film with broadband detection, (b) thermal ferent plastics. (Image courtesy FLIR Infrared 
image of a plastic film with an additional spec- Training Center.) 

tral plastics filter, and (c) comparison of InSb 
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Figure 3.5 Spectral transmittance of polyethylene (a) and polyester (b) films with different 
thicknesses, showing strong absorption bands at around 6.7 um (a) and 8.3 um (b). (Image 
courtesy Fluke Process Instruments GmbH Berlin, Germany; www.flukeprocessinstruments.de.) 


Find cameras in Chapter 8). At this wavelength plastic films become opaque and 
reach high emissivity values depending on the film thickness. However, the plas- 
tic film absorption only covers a small part of the spectral response region of the 
camera. Therefore, without spectral filtering, the camera will mostly look through 
the plastic film, and its temperature cannot be measured (see also Section 10.8). 
Since absorption bandwidth varies with film thickness, measurements depend on 
the spectral filter width. If it is too large, as shown for filter type 1 in Figure 3.4, 
the camera signal will strongly change with changing film thickness. 

For a NBP filter, measurements are more accurate unless the plastic film is too 
thin, that is, not completely opaque at the respective wavelength. For some plas- 
tics, such as polyester and other ester-related polymers, there is also a strong car- 
bon-oxygen (C—O) stretching band around 8.3 um in the LW region that can be 
used for radiation thermometry [1] with thermal detectors in pyrometers or cam- 
eras (Figure 3.5). 

Another very popular thermal imaging application with spectral filters is the 
detection of gases. This will be discussed at length in Chapter 8. 


3.2.1.3 Influence of Filters on Object Signal and NETD 

The use of spectral filters will decrease the SNR and, consequently, increase the 
NETD. Therefore, the application of NBP filters requires sufficiently high object 
temperatures. This situation is exemplarily analyzed for the NBP plastic filters 
such as the type 2 kind in Figure 3.4, with a maximum transmittance of 89% at 
A = 3.43 um. Figure 3.6 depicts the ratio of the signal for a MW camera and NBP 
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Figure 3.6 Signal ratio for MW camera operated with and without narrow BP spectral filter at 
3.43 um with different FWHM (see inset). 
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Figure 3.7 Object-temperature-dependent signal for MW camera with different 3.43 um spec- 
tral filters. 


filter with respect to the signal without filter as a function of object temperature 
for different bandwidths (full width at half-maximum, FWHM) of the filter. Sim- 
ilarly, Figure 3.7 depicts the camera signals themselves for the different filter con- 
figurations. 

As expected, the signals increase with the FWHM of the filters. For simplic- 
ity, theoretical signals were computed for top-hat filter transmission curves and a 
constant detector sensitivity was assumed for the 3-5 um spectral range. 

For a 100 nm FWHM with a maximum transmittance of 89%, the signal drops 
by a factor of about 100 at a 20°C object temperature and 50 at 120°C. Conse- 
quently, the NETD is increased by this factor, that is, if the NETD without filter is 
25 mK, it increases to = 2.5 K at 20°C and = 1.25K for 120°C. 

Figure 3.7 can be used to determine either the minimum object temperature 
necessary for the same camera signal or the NETD compared to the camera oper- 
ation without the spectral filter. The camera signal at a 30 °C object temperature 
is equivalent to that with a 200 nm FWHM filter at 141°C and for the 100 nm fil- 
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ter at 175°C. If a 40 nm FWHM filter is used, the necessary object temperature is 
above 220°C. 


3.2.2 
Two-Color or Ratio Thermography 


A thermal image results from both the radiance emitted from an object and the 
radiance reflected from the object because of the surroundings. For large e values, 
reflection contributions of opaque objects are small. However, objects like met- 
als with very low emissivities pose problems since emitted radiance is low and 
reflected radiance is high. Therefore, many approaches have been proposed to 
develop a so-called emissivity-free radiation thermometry [1]. One of the ideas 
is to measure the radiance within two or more narrow spectral bands and deter- 
mine the object temperature from the signal ratio [6-8] while at the same time 
eliminating the influence of the emissivity under certain conditions. 

In what follows, we initially assume measurements at two monochromatic 
wavelengths. If spectral bands are used, the monochromatic radiance values 
must be replaced by the integral of the corresponding spectral radiance densities 
(see Eq. (3.13) and others in what follows). 

Neglecting a possible signal reduction owing to atmospheric transmission along 
the path (short measurement path Ttm = 1) for the radiance Linc incident on the 
detector at wavelength 1, object temperature T,,;, object emissivity €,,;, and back- 
ground temperature Tpgv we assume (cf. Eq. (2.37a)) 


Line(A) = Eqpj(As Topi Epps Top) + = Eo Torj))Epps Tog) (3-1) 


If the radiance is measured at two different wavelengths (A, > 41), the ratio can 
be determined as follows: 


Linc(A2) _ Eqpj Ao, Toy) LppOo, T») +a- Eobj A, Toy) Lego, Ther) 
Linc(Ay) T Eqpj(Ay, Toy Leni, Topj) +(1- Eobj Ay, To) LppQ1, T per) 
(3.2) 


The emissivity can affect the ratio of Eq. (3.2) via two different effects. First, 
the absolute value of e is significant for the relative importance of the reflected 
background radiance. Second, the wavelength-dependent variation of ¢ may lead 
to considerable differences between the radiance contribution at A, and A,. We 
deal with both topics separately in this chapter. 

The ratio given by Eq. (3.2) generally exhibits a complex relation between the 
signals at the two wavelengths and will not allow a simple object-temperature de- 
termination. For certain conditions, however, the analysis can be simplified. The 
simplest result is obtained if, first, the reflected background contributions can be 
neglected with respect to the object radiation, and second, the objects are true 
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obj): In this case, the ratio 


gray bodies, that is, £o} A1 Toj) = Eob T, 


he 
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-1 
is independent of the emissivity and depends only on the chosen wavelengths and 
the object temperature. 

For a given object temperature the accuracy of the temperature determina- 
tion according to Eq. (3.3) will depend on ðL/A, that is, on how the object 
signal changes with wavelength. If dL /0A is large, the signal ratio will change 
considerably. In addition, however, the ratio does also depend on the object 
temperature itself. Therefore, to find the condition for the largest signal ratio 
change, that is, the largest sensitivity of the ratio method, we must find the largest 
change in 0L/0A with object temperature, that is, we look for the maximum of 
0/dT(OL/OA). This quantity represents the second derivative of the object radi- 
ance (0°LggA, T))/(@A OT) depicted in Figure 3.8 for six different object temper- 
atures in a range from 25 to 1000°C as a function of AT,,,. (O° Lpp(A, T))/(OAOT) 
has its maximum value at 1 T,,; © 1500 um K (broken green line), that is, one can 
expect the most sensitive measurements with the ratio method around this AT 
value. This may be compared to the largest radiance values of the Planck curves 
defined by Wien’s displacement law. In the wavelength representation, they occur 
at AT; & 2900 um K (broken red line). At room temperature (300 K), radiance 
maxima are around À = 10 um, whereas the most sensitive ratio occurs for about 
A = 5 um, that is, short-wavelength measurements are advantageous. 

In what follows, we will discuss the three major sources of error for the deter- 
mination of object temperatures from Eq. (3.3) and estimate its range of validity. 
First, there can be errors as a result of the influence of reflected background ra- 
diation. Even if reflected radiation can be neglected, Eq. (3.3) is usually simplified 
for the analysis of T pj by replacing Planck’s law with the so-called Wien approx- 
imation. This leads, second, to wavelength-dependent errors even for true gray 
bodies. Third, any unknown additional variation of emissivity between the two 
chosen wavelengths 1, and 1, can lead to very large measurement errors for the 
resulting object temperatures. We will give critical emissivity and object temper- 
ature values above which the approximation of Eq. (3.3) holds. 


3.2.2.1 Neglecting Background Reflections 

The transition from Eq. (3.2) to Eq. (3.3) is nontrivial. For small E obj values, it 
follows from Eq. (3.2) that if the reflected radiation cannot be neglected even 
for objects with true gray-body behavior €,,;(A,, T oj) = Eopj(A2» Top;) the mea- 
sured ratio is not independent of the emissivity. Figure 3.9 depicts the wavelength- 
dependent ratio of emitted object radiance and reflected background radiance 
for a background temperature of 27 °C at different object temperatures and emis- 
sivities. The ratio is strongly decreasing with increasing wavelength. Low object 
emissivities require a measurement at short wavelengths to obtain an insignificant 
error if the reflected background radiance is to be neglected. A useful measure is 
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Figure 3.8 Second derivative of object blackbody radiance (a) and corresponding object 
radiance (b) as a function of A - Tobj for different object temperatures. The broken lines indicate 
the positions of maximum signals. 


that Lobj/Lpgr > 100. In this case, typical errors by reducing Eq. (3.2) to Eq. (3.4) 


LincAy) _ EobjA2» Toni) Ler A» Toj) 


= (3.4) 
Linc(Ay) Eqpj Ay, Top)L pp, Tobj) 


will be on the order of a few percent only. The dotted lines in Figure 3.9 refer to 
this criterion. 

Consider, for example, an object emissivity of 0.02. At a 200°C object tempera- 
ture, the measurement wavelengths need to be below 2 um, whereas higher tem- 
peratures of 500 or 1000°C weaken the constraint to wavelengths below 3.5 and 
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Figure 3.9 Ratio of emitted object radiance to reflected background radiance as a function 
of wavelength for different object emissivities at different object temperatures and a 27 °C 
background (300K). 
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4.5 um, respectively. If an object with € = 0.02 would be measured at À = 4.5 um 
for Toj = 200°C, the object radiance and reflected background radiance would 
be equal, resulting in large errors if the reflection contribution is neglected. 

It is very important to note that even at very high object temperatures of about 
1000 °C, the use of long wavelengths above 8 um would only make it possible to 
quantitatively measure with percentage accuracy for emissivities of Eopj > 0.4. 
The longer the operating wavelength, the higher the emissivity needed for cor- 
rect measurements. This explains why two-color measurements always use short 
wavelengths. 

Once it is obvious that Eq. (3.4) can be used for measurements, one benefits 
from the following advantage for actual measurements: if the transmission be- 
tween object and detector changes, for example, owing to transient contamina- 
tion of the atmosphere or possible windows by dust, smoke, and so on, the ratio 
of Eq. (3.4) changes only if attenuation differs for the two chosen wavelengths. 
If they are close to each other and object signal changes are the same for both 
wavelengths, the ratio signal is not affected at all. 


3.2.2.2 Approximations of Planck's Radiation Law 

In what follows, we will neglect any reflection contributions, that is, start with 
Eq. (3.4). We first discuss the ratio of detected radiance as a result of object exci- 
tance at different wavelengths using the Planck distribution function (Eq. (3.5)): 


Eqpj Ag, Top )L apa» Tor) = Eob Aas Tobj) AP eto/Ark Toby) — 1 (3.5) 
EA Tor LapAis Toj) — €orjAr» Tory) 13 e /QakTos) — 1 l 

The ratio of the Planck functions can be simplified for both the long- and short- 
wavelength regions. For the long-wavelength spectral region, the exponential can 
be linearized, e* x 1 +x if x = hc/(AkKT) « 1, that is, AT > 14400 um K. This 
spectral region of the Planck distribution function can then be replaced by the 
Rayleigh—Jeans radiation law (Figure 3.10): 


‘ kT bi 
Rayleigh—Jeans obj 
L eigh—Jean A, Toj) = ET (3.6) 


If the Planck law in Eq. (3.5) were replaced by this Rayleigh—Jeans approxima- 
tion, a ratio measurement to determine the object temperature in this spectral 
region would fail since the temperature in numerator and denominator would 
cancel each other in Eq. (3.5). In addition, the restriction AT >> 14400 um K re- 
quires very high temperatures. Even for À = 10 um, the restriction is T >> 1440 K. 
Conversely, a measurement at T = 1000 K would require à > 14.4 um, that is, 
beyond the accessible range of IR cameras. 

The other extreme exists for short wavelengths. If x> 5, we find that 1/(e* — 1) = 
e™ (accuracy better than 1%). This condition is fulfilled for AT < 2897.8 um K 
x (1/5) - 14400 um K, where AT = 2897.8 um K resembles the maximum of the 
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Figure 3.10 Comparison of Planck distribution function, Wien approximation, and Rayleigh- 
Jeans approximation. 


Planck radiance function (Eq. (1.16)). In this case, we find 


2 

LXO, Ty) = we enir (3.7) 
which holds rather well for all short wavelengths below the maximum, as can be 
seen in Figure 3.10. 

In this case, the temperature dependence of the spectral radiance is exponential. 
An object-temperature change will have a much stronger effect on the radiance 
than any emissivity changes. Therefore, the ratio method is applied in this spectral 
region. 

Using this Wien approximation, one can easily determine the object temper- 
ature needed to ensure that background radiation may be neglected. For AT < 
2897.8 um K the ratio of emitted object radiance and reflected background radi- 
ance at a given wavelength J can be written in the Wien approximation as 


Loj Topj) Eobj -k (7-7) 


Se eS ee 
Logc(A, Tog) (= Eon) 
Provided the Wien approximation holds, Eq. (3.8) can be rewritten to estimate 
the minimum object temperature that is needed to obtain a predefined ratio of 
object to reflected background radiation: 


=j 
: Lop As Tobi) / 1— Eon; 
ii yee | (3.9) 
o T per he Log (A, T per) © obj 


For example, Tpgr = 300 K, € = 0.02, A = 2 um, and a ratio of 100 yields T N 
192°C, which correlates well with Figure 3.9. 

A word of caution regarding the use of Eq. (3.9): if values are chosen for which 
the Wien approximation does not work, for example, ratio = 100, € = 0.2, Tpgr = 
300 K, A = 10 um, unreasonably high temperatures result. 


(3.8) 
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3.2.2.3 Topj Error for True Gray Bodies within Wien Approximation 
Using Eq. (3.7), Eq. (3.4) can be written as 


Lincha) Ej Tobj) A a 


=n Tr 3.10 
Linc) Eob (Ay, Tovj) 23 ( ) 


The object temperature can be calculated using the measured signal ratio by 
taking the natural logarithm of both sides of Eq. (3.10) and solving for T: 


; Eobi As; T, : 
1 = k À Ad _ In (2) +5in (2 ) +in bj ak bj) 
T sb he (yay) Ay) Linc(Ay) Ay Eobj A2 Tobj) 


(3.11) 


The last term represents the temperature error due to unequal emissivities at 
A, and À,. Therefore, we can write the object temperature in terms of an apparent 


temperature T,,,, mono! 


obj A1 Topj) 
Lont ypt A | ee (3.12a) 
Tobj T mon hc A, =) A v Eqpj(Ay, Tovj) 
with 
= = In +5ln| = 3.12b 
L omone ~ he TEF Ay) Linc(Ay) Ay 


The apparent temperature for monochromatic wavelengths 1, and J, results 
from Eq. (3.11) for true gray bodies, that is, e4,,(1), Touj) = EobjA2 Toj). This 
assumption is usually made, that is, the interpretation of measurements assumes 
Eobj A1 Tobj) = Eobj A2 Topj) and hence the ratio signal is analyzed for blackbody 
temperatures, giving T,,, mono: If however, e-differences occur (£o A1 Top) # 
Eobj A2» Tobj))» the real object temperature, which can be deduced from the ratio, 
differs from the apparent temperature (see subsequent discussion). 

Equations 3.12a and 3.12b contain two conflicting requirements for the selec- 
tion of A, and A. T,,; is only close to T,,, mono if (AyAg)/A2 — Ay) In(eQ,)/eAy)) 
is very small. Obviously, a large AA = 4, — A, is favorable for this condition; how- 
ever, for large values of AA the gray-body assumption will become less valid. The 
influence of these conflicting requirements on measurement errors must be ana- 
lyzed in detail to determine the optimum measurement conditions [9]. 

The difference AT = Tobj — Tapp,mono between real object and apparent object 
temperatures, evaluated for two monochromatic wavelengths (Eqs. (3.12a) and 
(3.12b)) resembles the easiest analyzable case. Unfortunately, there are, however, 
additional temperature errors that occur owing to 


e Finite transmission of used filters, in particular, if they differ for the two wave- 
lengths; 

e Finite spectral widths FWHM of the filters; 

e Different spectral widths of the two filters. 


3.2 Spectrally Resolved Infrared Thermal Imaging 


For simplicity, let us assume two top-hat filters with 7(1,) = r(A,) = 1 and the 
same finite FWHM. This finite width will induce additional errors. 

For a finite spectral filter width the detector signals are determined by the inte- 
grals 


+t 

PakO, AA) = E | Le As Tg dÀ (3.13a) 
4-4 
Ag+ 

Tp A = | Peek, Ty dA (3.13b) 
r- 


The object temperature is calculated from the ratio of Eq. (3.13a) and (3.13b) 
using Eq. (3.11). 

For finite FWHM Aj the signal ratio differs from the signal ratio for monochro- 
matic measurement by a factor A,): 
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Figure 3.11 depicts an enlarged schematic drawing of the Planck function, 
strongly exaggerating the deviations. Monochromatic radiances at 1, and A, are 
indicated by solid lines. For spectral BPs with the same center wavelengths and 
width AJ, the average radiance in the corresponding spectral bands (broken 
lines) is larger than that in the monochromatic case. If one interprets this as 
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Figure 3.11 Schematic drawing of Planck finite filter width leads to apparent shifts of 
function illustrating different radiance ratios the center wavelengths, which are different 
for monochromatic measurements and mea- for A, and A,, giving rise to errors. 
surements with finite filter FWHM, AA. The 
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being due to monochromatic radiation, one observes a center wavelength shift. 
The resulting radiance and center wavelength differences give rise to errors of 
Tj determination, described by A,,. The correction factor Ay, depends on 
the chosen wavelengths as well as on the respective spectral widths of the filters 
and obviously leads to a modification of Eq. (3.12a) and (3.12b) for broadband 
detection according to 


AA Eobj A1 Tobj) 
l ol pK Ar jf h (3.15a) 
Tobj Tapp, Ad he Az a Ay) Eobj A2 Tobj) 
with 
1 1 k Aih 
Toppi T ppoe hc A, z Ay) a 
The deviation from T pp,mono aNd Tapp, depends on the difference in the ratio 


of the radiances in the Wien approximation and that using Planck’s law. 
Using the correction factor A 4}, the relative difference between the incident 
radiance ratio and the Wien approximation ratio is given by 


LEAP Ag) LIPA) 

Leek) LAD — Aga —1 (3.16) 
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Figure 3.12a depicts this quantity, that is, the relative change in the radiance 
ratio due to the Wien approximation for two chosen center wavelengths of 1.8 
and 2.0 um of the filter transmission curves. For monochromatic wavelengths 
(FWHM = 0), deviations occur for high temperatures (due to the limited appli- 
cability of the Wien approximation), whereas an increasing filter width leads to 
errors in the percentage range for low temperatures. 

These deviations have consequences for the deduced object temperatures ac- 
cording to Eq. (3.15a) and (3.15b). Figure 3.12b depicts the difference in object and 
apparent temperatures. The largest temperature errors occur first for large filter 
widths at low object temperatures but also for very high object temperatures. Ob- 
viously, it is possible to perform measurements that are quite accurate (error <2%) 
for gray bodies over an extended temperature range from 200 to about 800°C and 
filter width below 0.1 um. 

The discussion on errors so far has only referred to idealized conditions such 
as top-hat filters with Tmax = 1. In experimental studies, real filter transmission 
curves need to be used. Quite often, the filter curves differ in Tmax as well as 
FWHM for the two wavelengths, which may introduce additional errors. Real fil- 
ter transmission curves [T,(A), T,(A)] will modify Eq. (3.13a) and (3.13b) to 
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Figure 3.12 Object-temperature-dependent bandwidths of measurement spectral bands 

relative error of 1.8 and 2 um signal ratio (a). The top scale refers to A = 2 um. The result- 
(Any — 1)/Aag * 100% (according to Eq. (3.16)) ing error of the calculated object temperature 
applying the Wien approximation compared using the signals at 1.8 and 2 um and applying 


to Planck's function for different spectral the Wien approximation (b). 
A+ 
1 
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The different filter transmission behavior will therefore additionally influence 
the incident object radiances. The correction factor A,, from Eq. (3.14) will be 
modified to Amaray 
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and must be determined from a blackbody calibration procedure. 
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3.2.2.4 Additional T „„j Errors Owing to Nongray Objects 
So far, we have been considering only true gray objects and resulting errors due to 
the Wien approximation, which is usually used to evaluate object temperatures. 
However, this most important gray object assumption of ratio thermography, that 
is, €(A,, Tobj) = €(2, Topj) is often only fulfilled approximately. The consequences 
are obvious: if the object exhibits a nongray behavior, the error of the temperature 
calculation will increase. The second term in Eq. (3.15a) represents the additional 
error due to the emissivity change. If we assume an emissivity difference of 1% or 
5% for a wavelength change from 2 to 1.8 um, the ratios of the measured signal 
will change by a factor of 1.01 or 1.05, respectively. Figure 3.13 depicts the result- 
ing temperature measurement error depending on object temperature and filter 
FWHM. 

This error was calculated in a manner similar to that in Figure 3.12, that is, it 
includes also the error due to the Wien approximation, the only difference being 
that the last term in Eq. (3.11) is zero in Figure 3.12 and nonzero in Figure 3.13. 
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Figure 3.13 Error of calculated object temperature using signals at 1.8 and 2 um, as in Fig- 
ure 3.12, with additional emissivity ratio €(2 um) /€(1.8 um) = 1.01 (a) and 1.05 (b) and differ- 
ent FWHM spectral bandwidths. 
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The apparent object temperature is strongly affected by emissivity change. 
The temperature error increases with object temperature owing to the decreas- 
ing slope of the Planck function for increasing object temperatures, that is, for 
increasing values of A Typ ject- 

Figure 3.13 illustrates that the single most important error source in dual- 
wavelength pyrometry or thermography is the possibility of nongray bodies. De- 
viations of 5% can easily lead to temperature errors on the order of 10%. Therefore, 
any pyrometry or thermography object-temperature measurement using the ratio 
method with two wavelengths must fulfill the following requirements: 


e Reflected background radiance should be at least smaller than 1% of the re- 
spective object radiance. 

e Ifthe Wien approximation is used, the wavelengths should be in the SW spec- 
tral region, preferably below 2 um. 

e Both filters should be narrow and have similar transmissions and widths. 

e Wavelengths should be close to each other to reduce the probability of e 
changes in gray-looking bodies. 

e Never use the method for selective emitters such as plastics unless IR spectra 
are well known and filters selected accordingly. Whenever IR spectra are mea- 
sured, they should refer to the same temperature region in order to avoid e(T) 
dependencies. 


3.2.2.5 Ratio Versus Single-Band-Radiation Thermometry 

Ratio thermometry was motivated by a desire to eliminate unknown emissivities 
and still measure object temperatures. The difficulties and restrictions of ratio 
thermometry, however, suggest the need to define the criteria when ratio ther- 
mometry should be used, that is, when it is advantageous compared to conven- 
tional thermometry. 

We assume high object temperatures and short wavelength measurement such 
that the Wien approximation can be used and background reflections neglected. 
The temperature measurement error for the ratio method was discussed earlier. 
Equation 3.7 can be used to estimate the measurement error for a single-band 
measurement, that is, conventional thermal imaging. We assume a known emis- 
sivity except for an uncertainty factor f,. The object emissivity can be written as 
Eobj A Torj) = fe + Eo(A, Top;). Using the Wien approximation (Eq. (3.7)), we can 
calculate the object temperature, 
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el, Torj)/eQo, Tobj) 


Figure 3.14 Limits of emissivity uncertainty two-color temperature measurement exhibits 
factor f, for one-color temperature measure- a higher accuracy within the shaded area. 
ment at A = 2 um depending on object emis- Outside that area, the one-color measurement 
sivity ratio for a ratio temperature measure- makes more sense. 

ment at À; = 1.8umandA, = 2 um. The 


The ratio measurement will have equal or better performance if 


AAs Eob A1 Tobj) 
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Hin fel (A, -A,) (e T obj) 


For our specific example of ratio measurement at 1, = 1.8 um, A, = 2 um, and 
a single-band measurement at 1 = À, = 2 um, we get 


|In f,| > 9 jln Eoin Toni) (3.21) 
Eqpj Ao, Tobj) 

If this relation is fulfilled, the ratio measurement will be equal to or more ac- 
curate than the single-band measurement. Figure 3.14 depicts the limits for f, 
(single-band temperature measurement at À = 2 um) depending on the ratio of the 
object emissivities for the two-color measurement at 1, = 1.8 um and 4, = 2 um. 


3.2.2.6 Exemplary Application of Two-Color Thermography 

A number of narrowband spectral filters from Spectrogon [2] have been used for 
experimental tests of ratio thermography (Figure 3.15). The filters have been se- 
lected to fit the spectral camera sensitivity of our SC6000 camera with an extended 
MW spectral range from 1.5 to 5.5 um. 

The use of filters below a 2 um wavelength requires large object temperatures 
above 500°C due to the small object signal, combined with low camera sensitiv- 
ity and narrow spectral filter transmission. Measurements at à = 1.95 um and 
A = 4.35 um are influenced by water vapor and carbon dioxide absorption in the 
atmosphere, respectively. For the experiments only object temperatures at a max- 
imum of 350°C were analyzed since this was the maximum temperature of the 
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Figure 3.15 Transmission of different NBP spectral filters and relative spectral sensitivity of the 
used FLIR SC6000 camera (InSb detector). 


blackbody used for camera calibration. The tests discussed in what follows were 
performed with NBP filters at à = 2.29, 3.56, and 3.9 um. 


Expected Signal Ratios 

To find the theoretically expected signal ratio as a function of temperature for 
our setup, we first calculate the detected object radiance Lgr(Topj) assuming a 
gray-body object, and using, first, the known spectral filter transmission T,),(A) (of 
nonabsorbing filter materials) and, second, the known spectral camera sensitivity 
Sens (A). Otherwise ideal optics is assumed (no further losses): 


Le Tonj) = | Tat) Sens (A)L, A, Topj) dA (3.22) 
0 


Results are presented in Figure 3.16a. For an object temperature range of 25 to 
500°C the Planck distribution function is perfectly fitted by the Wien approxima- 
tion. Therefore, the radiance depends exponentially on the inverse absolute object 
temperature (Figure 3.16a): 
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The slope of the signal vs. inverse object temperature increases with decreasing 
filter wavelength. 

The signal ratio for different filter combinations can be easily calculated from 
the object radiances L¢,.(T,,;). Results are shown in Figure 3.16b. The slope sig- 
nal ratio versus inverse temperature increases with decreasing filter wavelength 
and increasing spectral separation AA = À, — A, of the filters. For the assumed 
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Figure 3.16 (a) Object-temperature-dependent camera signal for different spectral filters and 
(b) object-temperature-dependent signal ratio for different filter combinations. 


ideal conditions the theoretical plots in Figure 3.16b contain all information that 
is needed to extract the temperature. First, IR images are recorded for the different 
filters, second the signal ratios are computed for each pixel, which, third, accord- 
ing to the data of Figure 3.16 or respective figures, give the object temperatures. 
Obviously, this method works correctly only if Tg(4) and Sens (A) are accurately 
known. 


Experimental Calibration Using NBP Filters 
The experimental analysis requires a calibration of camera signal versus object 
temperature (Section 2.4.5) for both used filters. Because of the largest slope of the 
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object signal ratio (Figure 3.16) the filter combination 3.56 um/2.29 um was used. 
The calibration was performed using a MIKRON M310 [10] blackbody emitter in 
a temperature range of 25-350 °C. Figure 3.17a,c depicts the determined temper- 
ature dependence of the camera raw signal (dots) and the theoretically expected 
signals (solid lines). Unfortunately, there is a large offset between the two sets of 
data. This is caused by the emission of IR radiation by the warm spectral filters 
placed between the camera objective and the camera sensor. This at first glance 
unexpected behavior is due to the fact that most commercially available filters (as 
well as ours used here) are usually optimized for spectroscopy. They are made 
from sapphire substrates that start to absorb IR radiation for wavelengths around 
and larger than 5m (Figure 1.48, Al,O3). The used SC6000MW camera does, 
however, detect radiation up to about 6 um (Figure 3.15). Therefore, it detects the 
emitted thermal radiation from the spectral filter, causing the signal offset. This 
offset can be suppressed by cooling the filter, as is common in GasFind cameras 
(Chapter 8). Future work on ratio thermal imaging should also deal with filters 
made from truly nonabsorbing substrate materials. 

To still use the calibration data of Figure 3.17, we corrected the camera sig- 
nals by their offset values. Following offset correction, the expected temperature- 
dependent radiance was compared to the camera signals. Figure 3.17b,d depicts 
the signal in a semilogarithmic plot as a function of the inverse absolute object 
temperature. Now, the observed camera signal (dots) agrees quite well with the 
expected radiance (solid lines). Note that the calibration results depend on the 
absolute camera detector sensitivity and the camera integration time. 

Using the calibration results (Figure 3.17b,d) the signal ratios of several filter 
combinations were calculated. 

Figure 3.18 depicts the object-temperature signal ratio for the filter combina- 
tion 3.56 and 2.29 um. This signal ratio represents the calibration curve for the 
object-temperature measurements using the two-color method. For the experi- 
ments, Figure 3.18 (or a corresponding one plotted versus 1/T) therefore replaces 
the theoretical signal ratio of Figure 3.16. 


Experimental Results of Ratio Thermal Imaging 

An electrically heated, partially oxidized, and scratched aluminum plate (T,,; ~ 
250 °C) was used as object to test the ratio thermal imaging method. The emis- 
sivity of a crosslike part of the plate was increased by blackening it with soot. 
Figure 3.19 depicts a visible image (a) and a typical constant emissivity MW (3- 
5 um) thermal image of the plate. The soot part of the plate exhibits good temper- 
ature homogeneity, as demonstrated by a temperature measurement along the 
line across the plate (Figure 3.19c,d). At other locations on the plate strong emis- 
sivity variations are clearly seen. The table in Figure 3.19e gives the measured 
spot temperatures for a constant emissivity of 0.96 as well as the emissivity values 
at all different spots calculated using the emissivity calculator of the FLIR Ther- 
maCamResearcher software, assuming a plate temperature of 250 °C, an ambient 
temperature of 25°C, and the known emissivity € = 0.96 of soot. Obviously, the 
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Figure 3.17 Camera calibration as a function Measurements at 2.29 um with 1 ms cam- 

of object temperature for different spectral era integration time (a) and at 3.56 um with 
filters using a blackbody emitter. (a,c) Mea- 0.2 ms integration time (c). (b,d) Comparison 
sured raw data camera signals (dots) and data of offset-corrected signal values (dots) with 
calculated according to Eq. (3.22) (solid lines). calculated values using Eq. (3.22) (solid lines). 
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Figure 3.18 Object-temperature-dependent signal ratio for a given filter combination (A,, A,) 
calculated from calibration results. 


emissivity varies between 0.229 up to 0.96 across the plate, which is therefore a 
good test object for the ratio method. 

For the ratio test measurement the plate temperature was increased to 320°C. 
We only used a well-defined subregion of the thermal images (center of the heated 
plate) for quantitative evaluation of the ratio measurement. 

Figure 3.20 depicts the thermal images of the plate subregions at 320°C for the 
3.56 and 2.29 um filters. As expected, both images indicate temperature differ- 
ences in this constant emissivity representation. The ratio of the (offset-corrected) 
signals of these two images, however, leads to a more or less constant value that, 
according to Figure 3.18, gives an emissivity-independent temperature plot. Fig- 
ure 3.21 depicts the result. The calculation of the average temperature and its 
standard deviation across the whole image range gives Toj = (317.7 + 10.8) °C 
for the 3.56 um/2.29 um filter combination for the heated plate at a temperature of 
320°C. Compared to the temperature fluctuations of +39.2°C for the broadband 
MW detection of Figure 3.19, the improved accuracy of the ratio measurement is 
obvious. 

A more detailed analysis of the temperature-dependent ratio signal demon- 
strates that very accurate measurements are needed to reduce the still detectable 
deviations. From the signal ratios of the measurement depicted in Figure 3.18 one 
can calculate the allowed relative ratio error that causes a 1 K error in the resulting 
temperature. For the plate with 320°C and our filters of 3.56 and 2.29 um we find 
a corresponding allowed ratio error of only 0.011, that is, on the order of 1%. 

Although the result is not perfect (mostly owing to the use of warm filters and 
the therefore necessary offset corrections), it shows that the ratio procedure using 
a two-wavelength measurement can help to eliminate the influence of the object 
emissivity on the temperature measurement. The most important error sources 
for the ratio measurement are image misalignments occurring during the filter 
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Figure 3.19 Heated aluminum test object 
partially blackened with soot at 250°C. (a) Vis- 
ible image. (b) IR image (MW camera THV 550) 
for an emissivity of 0.96. (c) Analysis labels 


for temperature line/spot measurements and 
spot emissivity calculations. (d) Temperature 

line profile for line shown in (c). (e) Result ta- 

ble with calculated spot emissivities. 


change and — if applicable — IR radiation emission by the spectral filters, which 
generate an object-temperature-independent offset of the camera signal. 


3.2.2.7 Extension of Ratio Method and Applications 

A natural extension of the dual-wavelength ratio method seems to be multi- 
wavelength radiation thermometry, which can in principle deal with wavelength- 
dependent emissivities. The temperature is determined from the ratios of three 
or more signals, taken at the same temperature but at different wavelengths. In 
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Figure 3.20 Thermal images of a heated plate subregion with 238 x 175 pixels as detected 
with different spectral filters. 
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Figure 3.21 Temperature distribution determined from ratio measurement for a plate temper- 
ature of 320°C, ambient temperature of 25°C, and filter combination of 3.56 and 2.29 um. The 
linelike features are artifacts owing to the fact that only a one-point NUC was performed. 


this case, it is usually assumed that the problem of the wavelength dependence of 
emissivity can be solved by describing the logarithm of the emissivity as a series 
expansion in wavelength [11]. However, the sensitivity of the multiwavelength ra- 
diation measurement to errors increases rapidly with the number of parameters 
in the emissivity model, that is, the number of wavelengths. Thus, in practice, the 
use of such thermometers cannot be regarded as a general solution to the emissiv- 
ity problem, and very significant temperature errors can result even for materials 
that differ only slightly from gray-body conditions [12]. A critical analysis of the 
potential of multiwavelength radiation thermometry to derive true temperatures 
is given in [13]. To improve the accuracy of two-color and multicolor temper- 
ature measurements, new methods using laser absorption [1] or relative laser 
reflectometry [14] have been developed. 

Despite the difficulties with temperature accuracy, ratio radiation thermome- 
try is being successfully applied in industrial processes for temperature measure- 
ment, for example, in steel production [15, 16] or in-process measurements of 
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semiconductor manufacturing [17]. Also, dual-wavelength IR imaging is applied 
in automated online control [18]. 

Sometimes dual-band analysis combining measurements in the MW and LW 
regions are recommended [19]. LW operation can optimize detection at lower 
object temperatures or in the presence of dust, fog, or smog. The MW can en- 
hance performance at higher object temperatures and higher humidity. 

However, correct temperature measurements can be successful only if the emis- 
sivity is independent of wavelength, that is, has the same value in both bands. Ob- 
viously, the large differences in wavelengths between LW and MW can more easily 
lead to changes in emissivity than using filters within one spectral band. There- 
fore, with respect to the real material properties, such dual-band measurements 
will be successful only for a few applications [20]. This technique is mostly used 
for qualitative analysis using differences in the radiative properties of the mate- 
rials within the different spectral regions. The comparison and combination of 
thermal images taken in two different spectral bands can, for example, improve 
defect analysis (such as the detection of corrosion damage and delamination prob- 
lems [21] or building material and conservation performance [22]). 


3.2.3 
Multi- and Hyperspectral Infrared Imaging 


3.2.3.1 Principal Idea 

Multispectral images capture image data at a variety of specific wavelength bands 
across the electromagnetic spectrum. A distinction is made between multispec- 
tral and hyperspectral imaging depending on the number of bands used (up to 100 
for multispectral and many more than 100 — usually a continuous spectrum — for 
hyperspectral imaging) (Figure 3.22). 

Multispectral imaging uses discrete spectral bands that are mostly separated, 
for example, by the use of spectral filters or detectors with different spectral sen- 
sitivity distributions. 

In contrast, hyperspectral imaging uses dispersive or interferometer instru- 
ments, which, in principle, allow for the detection of continuous spectra. Avail- 
able technologies of IR spectrometry provide systems with excellent spectral 
properties. They essentially make it possible to sample the full continuum of a 
predefined wavelength region with excellent spectral resolution. The data are 
stored in so-called three-dimensional 3D data cubes, as depicted in Figure 3.22. 
One cube refers to a given time and consists of a series of separate IR images as a 
function of wavelength. Two dimensions are given by the spatial resolution of the 
IR camera (2D focal-plane array (FPA) sensor), and the third dimension is given 
by a wavelength or wavenumber scale generated by the spectrometer. In spec- 
trometry, wavenumbers are often used instead of wavelength. The wavenumber 
is the reciprocal wavelength (in cm™!) and is therefore proportional to photon 
energy. 

Each separate image represents the spatial radiance distribution within a nar- 
row spectral band whose width is determined by the spectral resolution of the in- 
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Figure 3.22 Schematic comparison of multispectral and hyperspectral imaging. 


strument. Therefore, each single pixel contains an IR spectrum, that is, it contains 
the same information as a point measurement with a nonimaging IR spectrome- 
ter. Such systems are becoming popular in gas imaging (Section 8.6). 

In practice, two types of different spectrometer arrangements are used: slit- 
based and interferometer-based systems. Both systems use FPA detectors, but in 
different ways. In slit-based systems, single lines of the array are used (such detec- 
tor linear arrays are used in line scanners), that is, one direction, for example, the 
horizontal, provides spectral information along a line of an object. Adjacent lines 
of the array receive signals of the same object line, but from a different spectral 
region. This is accomplished by using prismatic dispersion elements or a grat- 
ing [23, 24]. The principal setup with a prism is shown in Figure 3.23. 

The FPA detector therefore records spatial information along a line and spec- 
tral information in the pixel rows perpendicular to this line. Two-dimensional 
spatial images are recorded similarly by line scanners (Section 2.4), that is, spatial 
information such as the second coordinate is recorded sequentially either due to 
a relative increment between imager and object or, if there is no possibility for 
moving the object or the imager, using an additional scan mirror to shift the im- 
age across the slit [23]. The number of spectral bands will be given by the number 
of pixels in one FPA row [23]. 

The second type of hyperspectral imagers uses the concept of interferometer- 
based spectrometers, which is a well-known and extremely successful technique 
in IR spectrometry. The combination of IR imaging with the so-called Fourier 
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Figure 3.24 (a) Hyperspectral imager “FIRST Hyper-Cam” and (b) scheme of setup for an envi- 
ronmental application. (Image courtesy Telops Inc., Quebec, Canada; www.telops.com.) 


transform IR (FTIR) spectrometry gives the most powerful quantitative measure- 
ment devices available in IR imaging with regard to spectral resolution [25, 26]. 
The IR hyperspectral imager depicted in Figure 3.24 uses a Michelson-type inter- 
ferometer to spectrally modulate object signals on a detector array with a 320 x 
256 pixel format. The use of InSb and MCT FPAs allows for operation within the 
extended MW (1.5-5 um) and part of LW (8-11 um). The spectral resolution is 
defined by the spectrometer and can be varied within a range of 0.25 to 150 cm™!. 
The radiometric accuracy of the imager allows a temperature accuracy of better 
than 1 K after a calibration procedure. 


3.2.3.2 Basics of FTIR Spectrometry 

In what follows, a brief, simplified description of the FTIR principle [27] is given 
in order to get an understanding of hyperspectral IR imaging. Most FTIRs are 
based on a Michelson interferometer as shown in Figure 3.25. 
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Figure 3.25 Michelson interferometer with of axially arranged detector for construc- 
movable mirror to change optical path dif- tive (b) and destructive (c) interference for 
ference of two beams generated by beam monochromatic radiation. 

splitter (a). Radiance distribution within plane 


The interferometer consists of a radiation source, a beam splitter, a fixed and a 
movable mirror, and a detector. The movable mirror can be moved forward and 
backward very precisely. The incident radiation is split into two beams at the beam 
splitter. One beam is transmitted to the movable mirror and the other is reflected 
to the fixed mirror of the interferometer. After being reflected from the mirrors, 
these two beams hit the beam splitter for a second time. Again, one will be par- 
tially transmitted and the other reflected. As a result, two recombined beams are 
formed, one traveling toward the detector and the other to the radiation source. 
In what follows, we only focus on the beam hitting the detector. This beam is due 
to a superposition of the two light beams that have traveled along different optical 
paths. The path difference, which depends on the geometric path difference in- 
duced by the movable mirror, leads to a phase difference of the two recombining 
waves of IR radiation. For the two waves in phase, constructive interference re- 
sults, whereas a phase shift by m (geometrically a shift by 4/2) leads to destructive 
interference. This means that the detector will either receive a maximum signal 
(constructive interference) or a minimum signal (destructive interference). 

To simplify the problem, we assume monochromatic radiation initially. The su- 
perposition of the two beams will produce an interference pattern as shown at the 
top of Figure 3.26. 

Suppose the detector receives a maximum signal. If the movable mirror is 
moved a distance 1/4, the reflected radiation has passed an additional distance 
2-1/4 = 1/2, which means that it interferes destructively with the other light 
beam from the fixed mirror, giving rise to a minimum signal. For a mirror dis- 
tance of 1/2, the total shift is 1, that is, there will be a maximum signal again. 
Continuous movement leads, therefore, to a wavelike signal that can be described 
by a sine function. 

This is registered depending on the movable mirror position and is called an in- 
terferogram, representing the raw FTIR data. If the radiation source additionally 
emits a second wavelength with a minor wavelength difference, we get an interfer- 
ogram that is the superposition of the two single interferograms (Figure 3.26 mid- 
dle). One could proceed to add more wavelengths with successively more complex 
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Figure 3.26 Basic principle of FTIR. The interferogram (b) generated from the detector signal 
during mirror movement depends on the spectral radiance distribution (a) of the incident 
radiation. For the interferograms the average detector signals (DC part) have been subtracted. 


interferograms. Figure 3.26 bottom shows the result if the radiation source emits 
a broad continuous spectrum, for example, that of the thermal IR radiation of 
an object. The resulting interferogram will now be the superposition of the in- 
terference contributions of all wavelengths and will look significantly more com- 
plex than a single-wavelength interferogram. It contains the information about 
the source radiance at all wavelengths, the sinusoid frequency of each wavelength 
in the interferogram being inversely proportional to its wavelength. 

The interferogram of a broadband radiation source is characterized by a big 
spike (centerburst) at zero optical path difference (OPD; Figure 3.26). At this point 
all waves are in phase. This causes a maximum signal contribution, resulting in a 
maximum detector signal. If the optical path difference is increased, the detected 
radiance will decrease and become an oscillating one. 

The FTIR raw-data file consists of a large number of data pairs representing the 
detector signal as a function of different optical path differences during mirror 
movement. 

If FTIR spectrometry is applied to an imaging system, we need to multiply the 
number of data pairs by the number of detector pixels of the focal plane array. All 
wavelengths contributing to the interferograms are analyzed to extract the spec- 
tral information. Fourier transformation is applied in detail to the interferogram 
to get the spectral radiance of all wavelengths forming the observed interfero- 
gram. The extremely large number of data points requires a fast algorithm (Coo- 
ley-Tukey algorithm, discovered in 1965) and high computational power [28]. 
Today, specially designed Fourier microprocessors are used most often to achieve 
a very high transformation speed. The Fourier transformation converts the inter- 
ferogram into a spectrum (Figure 3.27). In spectral imaging, these spectra form 
the third dimension of the data cube. 
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Figure 3.27 A Fourier transformation water vapor. Obviously, it is impossible to 
is used to convert interferogram (a) into guess, just from looking at the interferogram, 
wavenumber-dependent spectrum (c). For which absorption feature will be present. 
the example, a spectrum of air was chosen. Besides the complete interferogram (a), an 


The feature in the middle of the spectrum cor- expanded view to the left-hand side of the 
responds to CO,, and the absorption close to centerburst is shown (b) to better resolve the 
the maximum of the radiance curve reflects rapid oscillations in the interferogram. 
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3.2.3.3 Advantages of FTIR Spectrometers 

The importance of interferometers for spectrometry is based on two fundamental 
advantages compared to dispersive instruments known as Fellgett and Jacquinot 
advantages [29]. These advantages, in addition to a few others, also enable the 
adaptation of an IR spectrometer to an IR camera. 

The Fellgett advantage is also called the multiplex advantage. In a conventional 
dispersive spectrometer, the wavelengths are observed sequentially while the grat- 
ing is being scanned. Ina FTIR spectrometer, the detector signal at any given time 
already contains the contribution of all wavelengths. This causes a strongly in- 
creased SNR. As a consequence, FTIR can provide a spectrum much faster than 
dispersive spectrometers can with the same SNR. 

For spectral imaging, this is a crucial point, in particular if scenes are studied 
with rapid radiance changes as a function of observation time. The longer the time 
needed to record a spectrum for a given object point, the larger can be the effect of 
transient changes. Unfortunately, any time dependence of the radiance received 
from the source during the recording time of the interferogram (i.e., while the 
movable mirror is still moving) will lead to mathematical artifacts in the subse- 
quent Fourier transformation. This can cause complete misinterpretation of the 
spectrum (Figure 3.28). 
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Figure 3.28 Influence of radiance variations blocking the signal three times during data 


during mirror scan and interferogram data recording. The spectrum calculated from the 
acquisition on resulting spectrum ofa CO gas disturbed interferogram does not allow for 
sample after Fourier transformation. Distur- detecting the characteristic CO spectral ab- 


bance was artificially introduced by briefly sorption lines. 


3.2 Spectrally Resolved Infrared Thermal Imaging 


Therefore, fast mirror movement in the interferometer and high frame rates 
in the spectral imagers are necessary to prevent these problems. This requires 
low integration times or, in other words, very fast photon detectors. Lowering the 
integration times will, however, decrease the detector signal, which means that 
the SNR of radiation detection during acquisition of the interferogram becomes 
important. 

To quantitatively characterize the SNR in thermal imagers with spectrome- 
ters, beyond the NEP and NETD quantities, the noise-equivalent spectral radi- 
ance (NESR) is introduced [30]. The spectrally dependent NESR determines the 
minimum incident spectral radiance necessary to reach a SNR equal to unity at 
a given spectral resolution and wavelength. The NESR is given in terms of nW 
(cm? srcm™)~!, depending on the wavelength and the spectral resolution for a 
single scan (single interferogram measurement). 

The Jacquinot or throughput advantage of FTIR spectrometers over dispersive 
spectrometers stems from the fact that no slits are used to define the spectral res- 
olution. This causes a much higher detector signal and therefore a higher SNR at 
each point of the interferogram. However, in reality, there are also some slitlike 
limits in interferometers. The spectral resolution is affected by the level of colli- 
mation of the beams in the two paths of the interferometer. This defines a useful 
input aperture of the spectrometer especially if a high level of spectral resolution 
is reached. 

One additional advantage of FTIR spectrometry is the so-called Connes advan- 
tage. Usually, a frequency-stabilized laser operating in the visible spectral range, 
for example, a He—Ne laser, is used as an internal wavelength standard. The cor- 
responding FTIR instruments are self-calibrated spectrometers because the mov- 
ing mirror position is measured very accurately from the laser interferogram. The 
laser wavelength or frequency stability determines the wavelength accuracy of the 
FTIR. 

Another advantage of FTIR spectrometers is the achievable spectral resolution. 
Asa first approximation, the spectral resolution of a FTIR spectrometer is given by 
the reciprocal of the maximum achievable optical path difference in a Michelson 
interferometer. For example, a spectral resolution of 2cm7! requires an optical 
path difference of at least 0.5 cm, whereas the typical best resolution of 0.25 cm~} 
requires path differences of at least 4cm (which, of course, results in a longer 
time for recording the spectrum). Figure 3.29 depicts an example of analyzing 
a CO sample with poor (2cm') and good (0.25 cm~!) spectral resolution. The 
center of the absorption band at a wavenumber of about 2150 cm™} corresponds 
to a wavelength 1 = 1/(2150 cm7!) = 4.65 um. 


3.2.3.4 Example of a Hyperspectral Imaging Instrument 

Imaging spectrometers have recently become commercially available for general 
scientific use. Both the spatial and spectral information of an object scene can 
be captured simultaneously by IR hyperspectral imagers. Today this technology 
is applied to military, airborne (combustion processes), research, and environ- 
mental (chemical agent detection and investigation) applications [30-32]. As a 
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Figure 3.29 Influence of maximum optical path difference in interferometer on spectral res- 
olution of FTIR spectrometry using example of ro-vibrational MW absorption spectrum of CO 
molecule. 


Figure 3.30 Detection and identification of several gas species simultaneously. In ad- 


constituents in a gas mixture using hyper- dition, the temperature of the nongaseous 
spectral imaging. Different spectral channels opaque object is indicated by the grayscale. 
for the absorption features of NH, (yellow) (Image courtesy Telops Inc., Quebec, Canada; 


and SF, (violet) easily allow one to distinguish www.telops.com.) 


unique investigation tool for the identification of chemical substances or con- 
stituents of gas mixtures and solids, IR hyperspectral imaging will most proba- 
bly find many additional application fields. Figure 3.30 depicts the detection and 
identification ofa cloud consisting of a SF,/NH; gas mixture with a LW (8-11 um) 
hyperspectral camera. The temperature distribution of the object scene is shown 
in grayscale. The SF, and NH; identified from their spectral absorption signature 
(see Chapter 8 and spectra in Appendix 8.A) are depicted in different colors. The 
data were captured at an image size of 320 x 128 pixels and a spectral resolution 
of 4cm7! [31]. A complete data cube was measured within 5 s. This even makes 
it possible to detect cloud displacement in nearly real time (frame rate: 0.2 Hz). 


3.3 Superframing 


3.3 
Superframing 


High-dynamic-range scenes with large temperature differences often cause seri- 
ous problems in thermal imaging. Throughout any thermal image a high temper- 
ature contrast should be present. This allows to show small temperature differ- 
ences. In general this is possible, but only within a defined and user-selectable 
temperature range. However, if we have an object scene with object temperatures 
ranging, for example, from 10 to 140°C and we use a thermal camera with the 
two measurement ranges —20 to 80°C and 30 to 150°C, it is not possible to get an 
image with high contrast for all object temperatures within either of the chosen 
ranges. If the lower temperature range is used, all objects at higher temperatures 
are presented as saturated. If the higher temperature range is used, objects with 
temperatures below the lower temperature limit of this range will be presented 
as being very noisy. Obviously, it would be desirable to combine the complete in- 
formation contained in these two images in a single image in such a way that the 
pixels representing lower-temperature regions are measured in the lower range 
and those of higher temperatures in the upper range. 

The easiest way to define the temperature measurement ranges is by selecting 
the signal integration time. This method is used for photon detector cameras. 
The time constants for IR detectors strongly differ between photon detectors and 
thermal detectors (Section 2.4.2). Typical time constants of photon detectors are 
in the microsecond range and sometimes also below 1 us. Therefore, signal inte- 
gration with a user-selectable integration time from microseconds to milliseconds 
can be applied to photon detector cameras. 

Figure 3.31 shows two typical signal responses for a low- and a high-sensitivity 
detector (for a well-defined spectral band) versus object temperature for a de- 
fined integration time. The signal is usually represented by a 12-14 bit number, 
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Figure 3.31 Schematic plot of object-temperature-dependent detector signal for low- and 
high-sensitivity detectors, respectively. 
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that is, a count rate. This signal is almost linearly proportional to the in-band radi- 
ance, that is, the radiance detected within the detector spectral band. On the other 
hand, the in-band radiance depends nonlinearly on object temperature (integra- 
tion of the Planck function across a chosen wavelength band of detector). There- 
fore, the detector signal depends nonlinearly on object temperature, as shown in 
the schematic plot of Figure 3.31. For very low temperatures, the signal is below 
the noise level. For ranges between about 10%—20% and 80%—90% of the maxi- 
mum signal, there is a well-defined relation between object temperature and de- 
tector signal. This region may be used for quantitative analysis and defines the 
dynamic range of the detector for the given integration time. For higher temper- 
atures, the detectors will be saturated. 

Both detectors in Figure 3.31 were chosen to start with their response at about 
the same object-temperature level. Obviously, the lower-sensitivity detector has 
a larger dynamic range, that is, a larger object-temperature range can be simul- 
taneously recorded. Photon detectors usually have smaller dynamic ranges. This 
fact is well known to users of MW and LW systems: the temperature ranges of 
bolometer cameras are usually larger than that of photon detector cameras (Sec- 
tion 2.4.2). To deal with the obvious disadvantage of smaller temperature ranges 
for photon detector cameras, a method to extend the dynamic range, called su- 
perframing, has been introduced [33]. 


3.3.1 
Method 


Superframing uses the fact that photon detector response curves depend on in- 
tegration times. First, they are shifted to a higher temperature, and, second, the 
slopes of the response curves decrease for smaller integration times. Figure 3.32 
schematically depicts three response curves of the same detector for three differ- 
ent integration times. 
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Figure 3.32 Response curves of a detector for different integration times. 


3.3 Superframing 


The response for the longest integration time (red curve) is steepest and only 
has a small dynamic range. However, the signals close to the saturation limit can 
be easily recorded well within the dynamic range of the detector response with 
a slightly smaller integration time (black curve). This response curve has a dy- 
namic range that partially overlaps with that of the longest integration time. For 
sufficiently large object temperatures, the detector will again be saturated for the 
chosen integration time, but it is also possible to record the object scene with 
an even smaller integration time (blue curve). Each integration time will have its 
own dynamic range, and within this range, a quantitative determination of the ob- 
ject temperature is possible once the detector is calibrated for the corresponding 
integration time. Overall, the recording of the same object scene with a certain 
number of differing integration times (e.g., up to four) will increase the overall 
dynamic range. It is then possible to combine the temperature information from 
all integration time measurements to receive a single result with a much higher 
dynamic range. 

Such a procedure is useful whenever an object scene contains sources with 
very large temperature differences whose span is beyond the temperature region 
within the dynamic range for the chosen integration time. Besides using IR im- 
ages of the same object scene for different integration times (typical use for photon 
detector cameras), it is also possible to use superframing for any camera by com- 
bining IR images of the same scene recorded for different temperature ranges, for 
example, by inserting a filter. 

However, if the integration time is changed using, for example, four preset 
times, the superframed images can only be recorded at one-fourth of the possible 
image frame rate for a single integration time. As an example, a camera operating 
at a maximum frame rate of 120 Hz and using four subframes would achieve a 
maximum superframe rate of 30 Hz because of the four subcycles recorded for 
each full frame of the object scene. Figure 3.33 illustrates how a superframe image 
is practically formed from a series of IR images. 

The four subframes show images of the same scene, here the wheel of a car 
with hot brake disc behind. Subframe 1 is almost entirely saturated, with the ex- 
ception of background around the wheel and a few parts between the brake disc 
and outer wheel. The subsequent subframes (recorded with either shorter inte- 
gration time or additional filters) allow one to observe more and more details of 
the hot parts of the scene, and, finally, subframe 4 only detects the hottest parts 
of the scene without saturation. The superframe image, shown below, is a super- 
position of the subframes generated after the recording using the following algo- 
rithm. The procedure starts with the subframe representing the lowest measure- 
ment range. If a pixel in the first subframe is saturated, the corresponding pixel 
of the next subframe is analyzed. If its pixel signal is within the dynamic range 
of the detector, then its signal representing radiance or via the calibration curve 
the temperature is used to build up the superframe. If the pixel is saturated in the 
second subframe as well, the algorithm analyzes the third subframe, and so on. 
This procedure is repeated for all cycles. The algorithm results in one superframe 
for the chosen pixel per cycle. The procedure is performed for all pixels, and the 
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Figure 3.33 Scheme for the generation of a superframe image from four subframes (see text 
for details). The method is also known as dynamic range extension (DRX). 


resulting superframe image will have high contrast and wide temperature range 
offering an increased dynamic range that corresponds to a signal depth of 18—22 
bit compared to the typical 14 bit of single images. In Figure 3.33, two enlarged 
image sections of 15 x 13 = 195 pixels are shown directly illustrating how vari- 
ous subframes contribute to the resulting superframe image. In each small image, 
a smaller subset of about 30-35 pixels was selected and replaced by black (sub- 
frame 1), dark gray (subframe 2), light gray (subframe 3), or white (subframe 4) 
colored areas. Consider, for example, the image section to the right. No part in 
it is saturated: the yellow colors resembling high temperatures were taken from 
subframe 4, indicated by the white pixels, the medium temperatures, represented 
by orange, stem from subframe 3, and the lower temperatures indicated by pink 
were taken from subframe 2. Similarly, the left-hand-image section uses only pix- 
els from subframes 1-3. Superframing operates well if the object scene does not 
change during the recording of the subframes, that is, during one recording cycle. 
Obviously, only high-frame-rate IR cameras can be used for the superframing of 
temporarily dynamic scenes with a large brightness dynamic range. 


3.3.2 
Example of High-Speed Imaging and Selected Integration Times 


Figure 3.34 depicts FLIR SC6000 thermal images of a propeller-driven aircraft, 
the Beachcraft King Air, for two different integration times. 


3.3 Superframing 


(a) (b) 


Figure 3.34 Thermal images of a Beachcraft King Air grabbed using the FLIR MW SC6000 cam- 
era at 2 ms (a) and 30 us (b) integration time. (Image courtesy FLIR Infrared Training Center.) 


1.38044e+002 FRAME 264 


DPTNUM 000264 pts 

TIME 11:26:02.6250 pctime 
3.88784e+001 TALO 5.0630 seconds 

DELTAT 0.01600 seconds 


3.51435e+001 0:26.3C 
: 30.0 C 
SOll2G 
299316 
:41.4C 
: 68.7 C 
:140.C 


3.1769e+001 


2.05158e+001 


OoarwohND + 


Figure 3.35 Superframe of four subframe images with 2 ms, 500 us, 125 us, and 30 us integra- 
tion times. (Image courtesy FLIR Infrared Training Center.) 


The image in Figure 3.34a was captured with a long integration time of 2 ms in 
a temperature range of about 20—80 °C. Signal saturation occurs for the hot parts 
of the aircraft, especially the exhaust fumes. If the integration time is reduced 
to 30 us, the range of the temperature measurement is changed to 80—300°C. The 
image in Figure 3.34b only depicts the temperatures of the hot parts of the aircraft 
and some of the hot exhaust gases. 

Figure 3.35 depicts the result of the superframing procedure using four sub- 
frames, the two shown in Figure 3.34 as well as those with integration times of 
500 and 125 us. This superframe presents an increased dynamic range of 20- 
300°C without any loss of temperature resolution compared to each individual 
subframe. 
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3.3.3 
Cameras with Fixed Integration Time 


For thermal detectors the sensitivity and the time constant of the detector cannot 
be chosen independently (Section 2.2.3). Therefore, bolometer cameras do not 
offer a user-selectable integration time. Rather, the time is fixed and given by the 
thermal time constant of the microbolometer detector, which is in the range of 
several milliseconds, for example, 10 ms (Figure 2.106). In principle a signal inte- 
gration similar to the procedure used for photon detectors can still be carried out 
by increasing the integration time above this detector time constant. This would, 
however, result in very slow signal detection (bad time resolution) and decreased 
frame rates. Therefore, external signal integration with an increased integration 
time is normally not used for bolometer cameras. 

Nevertheless, the superframing algorithm can also be applied to standard IR 
cameras equipped with bolometer FPAs in a modified manner with the help of 
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Figure 3.36 Thermal images of a high- surement range (saturated pixels) are shown 
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Figure 3.37 (a) Superframe generated by image postprocessing from marked regions of sub- 
frames depicted in Figure 3.36. (b,c) Superframe depicted with two different level and span 
parameters to demonstrate increased signal dynamic range. 


the filters that are used to switch between the temperature ranges. For quantitative 
measurements, the object scene must, however, be characterized by steady-state 
conditions during the subframe recording. Figure 3.36 depicts a stationary object 
scene with temperatures in the range of 16—270°C. The measurement ranges of 
the FLIR SC2000 LW bolometer camera used to grab these images are 40—120°C 
(Figure 3.36a) and 80—500°C (Figure 3.36b). The hot parts of the image (a halo- 
gen lamp with a maximum temperature of 270 °C, a blackbody emitter at 260°C, 
and a lamp with a maximum temperature of 150°C) are above the measurement 
range in Figure 3.36a and the cold objects are below the measurement range in 
Figure 3.36b. 

A superframe is generated by using the described process. In Figure 3.36a, 
all temperatures above 120°C have been replaced by the temperatures of the 
other image. Figure 3.37 depicts the superframe condensed from the possible ex- 
tended dynamic range of 40—500°C to a temperature range of 16—270°C, which 
is adapted to the object scene. This image has the same temperature resolution 
as in the subranges. 


3.4 
Polarization in Infrared Thermal Imaging 


Thermal radiation, being electromagnetic radiation, is described as a transverse 
wave. As such, it can have the property of being polarized either when unpolar- 
ized thermal radiation is reflected from surfaces or just when being emitted from 
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Figure 3.38 Example of thermal reflections from a man standing close to a wall made of var- 
nished wood. (a) Visual image and (b) close-up view with LW IR camera. 


various surfaces. In this section we first discuss polarization upon reflection and 
then potential image improvement procedures of thermal images by utilizing po- 
larization upon emission from objects. 


3.4.1 
Polarization and Thermal Reflections 


Thermal IR images often suffer from thermal reflections, which are a common 
source of problems when it comes to quantitatively interpreting images. Here, 
we want to present some exemplary experimental results that demonstrate the 
physics behind this feature and explain how to reduce them experimentally uti- 
lizing the property of polarization of thermal radiation upon reflection. 

Not only atomically smooth surfaces such as glass, polished and varnished 
wood, metals, or wet surfaces but also brick and concrete may easily give rise 
to reflections of IR radiation from often unexpected sources. Most often people, 
including thermographers, are the origin of thermal reflections (Figure 3.38). 

If unnoticed, such thermal reflections may give rise to misinterpretations of 
the object temperature. We will now analyze the differences between object IR 
radiation and thermal reflections and discuss ways to suppress or at least identify 
such reflections by the use of IR polarizers. 


3.4.1.1 Transition from Directed to Diffuse Reflections from Surfaces 

In conventional optics, in the visible spectral range, it is common knowledge that 
flat polished surfaces reflect part of the incident light, whereas the other part 
is refracted into the material (Figure 3.39). In physics and technology, reflection 
comes in two different forms: first, and primarily, reflection means specular (i.e., 
directed) reflection, which is described by the law of reflection (see also Figure 1.9 
and Eq. (1.1)) that is, the angle of incidence is equal to the angle of reflection 
(Eq. (3.24): 
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Figure 3.39 Law of specular reflection and refraction (a) and transition from “normal” specular 
reflection (b) to diffuse scattering (c,d). 


where the angles are defined as in Figure 3.39. The more common case of slightly 
rough surfaces — which predominate in everyday life — leads to diffuse scatter- 
ing of incident light, as shown in Figure 3.39c,d. For perfect diffusely scattering 
surfaces, the angular distribution is that of a Lambertian source (Section 1.3.1.4). 

In what follows, we refer to specular reflection when we mean conventional mir- 
ror reflection. Whenever diffuse scattering is meant, we explicitly say so. Mirrors 
should have reflectivities R (the portion of reflected light) close to 100% (1.00). 
Smaller reflectivities (R < 1) occur for every boundary between two media. The 
reflectivity is found in detail using the law of reflection to find the angle and then 
Fresnel’s equations [34] to compute the reflectivity. In this chapter, all calcula- 
tions that use the Fresnel equations assume perfectly flat surfaces without any 
influence of scattering (Figure 3.39a,b). Whenever scattering contributions due 
to rough surfaces become important, the ideal Fresnel equation results for reflec- 
tivity must be modified. 

The material input parameter is the index of refraction, which is real for trans- 
parent materials and complex for absorbing materials. As an example for trans- 
parent materials, Figure 3.40 depicts the reflectivity for light impinging from air 
onto glass, characterized by an index of refraction n = 1.5. Obviously, the reflec- 
tivity strongly depends on the polarization of the incident light. The latter is given 
as the orientation of the electric field of the electromagnetic wave with respect to 
the plane of incidence, which is defined by the k-vector, that is, the propagation 
direction of the light and the vector normal to the boundary of the surface. Usu- 
ally, as shown in Figure 3.40, the plane of incidence is the drawing plane. 


273 


274 


3 Advanced Methods in IR Imaging 


1.0 
Transition air to glass (n = 1.5) 
0.8 à 
2 06 ' 
= + 
© 
2 
S 0.4 
(a 
Brewster 
0.2 angle 
0.0 


0 20 40 60 80 
Angle of incidence a (degrees) 


Figure 3.40 Reflectivity computed from Fresnel equations for a transparent material, defined 
by n = 1.5. This can be, for example, the transition from air to glass for visible light. 


In this case, normal incidence (a = 0°) leads to 4% reflection. Obviously, light 
polarized parallel (p or m) to the plane of incidence is not reflected at all if the 
angle of incidence is Brewster’s angle, defined by tana = n/n. Therefore, the 
reflected light is polarized perpendicular (s or ø) to the plane of incidence. This 
fact is used in photography: strong reflections from glass surfaces may easily be 
suppressed by the use of polarizing filters. 

The reflection may not only be calculated for transparent bodies but also for 
absorbing materials like metals. Theory gives similar results, the main difference 
being that the materials are characterized by a complex index of refraction. The 
resulting reflectivity diagrams look similar to those for transparent materials (Fig- 
ure 3.41); however, the minimum reflectivity usually does not reach zero, that is, 
the reflected light is only partially polarized. Still, the use of polarizing filters may 
be useful in partially suppressing reflections. 

The situation is very similar when moving from visible light to the thermal IR 
spectral region. Depending on the materials under consideration and on the wave- 


1.0 


o 2 o 
P D œ 


Reflectivity 


o 
io 


Figure 3.41 Reflectivity from a copper 
20 40 60 80 surface at A = 500 nm according to Fresnel 


Angle of incidence (degrees) equations (n © 1.12 + i2.6). 


o 
o 
(e) 


3.4 Polarization in Infrared Thermal Imaging 


39.0 °C 


38 
36 
34 
32 
L 30 


Figure 3.42 An oxidized old brass plate with a lot of surface roughness in the 1 um scale or 
lower scatters light diffusely for visible light (a) but specularly, at least in part, for thermal IR 
radiation of A = 10 um (b). 


(b) 


length range, one may have nonabsorbing transparent materials such as NaCl 
(A < 20 um) or absorbing materials such as metals. 

Compared to the visible spectral range, the situation regarding reflections may 
become even worse, as illustrated in Figure 3.42, which depicts an old brass plate 
covered by oxide. 

This plate is an atomically rough surface, as can be seen in the visible spectral 
range: no direct reflection can be seen. Investigating with a LW IR camera in the 
8-14 um wavelength range, one immediately sees reflections from the plate: ob- 
viously, the plate is a poor mirror in the visible range but a rather good one in the 
IR range. This behavior is due to the ratio of surface roughness and wavelength 
of the radiation. If A is smaller or on the order of the dimension of the surface 
roughness, light is scattered diffusely, that is, a good mirror image is not seen. For 
wavelengths much larger than the roughness dimensions, the radiation is specu- 
larly reflected as from a mirror. A classical analogy is that of a soccer ball, which 
will most likely be reflected according to the law of reflection from a mesh wire if 
the mesh dimension is much smaller than the ball diameter. Now imagine using 
smaller balls! 

In Figure 3.42, the IR wavelengths are more than a factor of 10 larger than the 
visible wavelengths, and one easily observes the transition from diffuse scattering 
to specular reflections [35]. 

Figure 3.43a depicts the specular reflectivity of the brass plate, as measured for 
an angle of incidence of 20° with respect to an optically polished Au surface for 
wavelengths from about 1.5 to 25 um. Measurements were performed with FTIR 
spectroscopy [28, 29]. Obviously, the directed reflectivity strongly decreases to- 
ward the visible spectral range, that is, mostly diffuse scattering takes place in the 
visible range, explaining why no mirror image is seen. In contrast, at wavelengths 
of 10 um, the reflectivity, which already amounts to about 70%, leads to the mirror 
image seen in Figure 3.42b. 

To correlate the low specular reflectivity, that is, the large portion of diffuse 
scattering, to surface roughness, a small piece of the brass plate was analyzed 
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Figure 3.43 Analysis of brass plate. (a) Specular reflectivity as measured with a FTIR spectrom- 
eter and (b) light microscope image of surface of brass plate. 


with conventional microscopy, dark field microscopy, and scanning electron mi- 
croscopy. Figure 3.43b shows a typical example of an area of about 100 x 165 um? 
magnified with a light microscope. There are some scratches across the surface 
with widths in the 1-5 um range and lengths of millimeters or more. In addition, 
there are many “pointlike” structures in the range of 1-3 um as well as some larger 
ones, as is revealed by studying more pictures and also electron micrographs. 
These structures resemble surface roughness and are responsible for the tran- 
sition from specular to diffuse scattering. 

The consequence of this discussion is as follows. Flat and polished surfaces, in 
particular all kinds of metal surfaces, may easily result in reflections of IR radia- 
tion, even if they are do not reflect in the visible range. Therefore, all analysis of 
IR thermal images must consider the possibilities of thermal reflections. 

If unnoticed, thermal reflections may be misinterpreted as sources of heat on 
the surfaces of the investigated reflecting bodies. Many possible thermal sources 
could serve as the origins of the reflections, for example, the sun for outdoor ther- 
mography or moving sources like humans for indoor thermography in the vicinity 
of objects under consideration. 

It is, however, possible to identify thermal reflections and to suppress them. To 
achieve this, polarizers for thermal IR radiation in the MW (3.0—5.0 um) and the 
LW range (8—14 um) were used. The principle behind this is the same as in the 
suppression of reflections in visible photography: according to the Fresnel equa- 
tions, radiation that is either polarized perpendicular or parallel to the plane of 
incidence will be reflected differently. 


3.4.1.2 Reflectivities for Selected Materials in the Thermal Infrared Range 

Reflectivities as a function of the angle of incidence have been computed for a 
number of selected materials in wavelength ranges of IR camera systems. The fol- 
lowing examples are based on one set of optical parameters, although sometimes 
several sets were available [4]. Since all surface properties of materials may ap- 
preciably change by oxidation or corrosion, all theoretical examples should only 
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give indications for the reflectivities. If very precise values are needed, each given 
sample needs to be characterized experimentally. 

A quantitative description of how good the suppression by polarizers may be is 
possible by introducing the parameter z, which is defined for the angle Ø min of the 
minimum of the R, curve: 


= R,(Pmin) 7 R,,(Pmin) 


3.25 
Ro (min) l 


z = 1 would offer the possibility of complete suppression, whereas z close to 0 
refers to the case of very small minima, that is, nearly no chance of suppression. 
In addition, practical requirements favor small Brewster angles that are, however, 
often not present. In such cases, it can still be helpful to get at least partial sup- 
pression or identification of thermal reflections. Hence, the following discussion 
focuses on minimum angles as well as on the parameter z. In the aforementioned 
example of Figure 3.40, z = 1 at 56.3° for glass and z = 0.54 at around 70° for copper 
in the visible range (Figure 3.41). 


Metals 

The most widely used metals are iron, iron alloys, or aluminum. Figure 3.44 de- 
picts the reflectivity of iron for selected wavelengths in the MW and LW cam- 
era ranges. Similarly, Figure 3.45 gives examples for aluminum. The plots of Fig- 
ures 3.44 and 3.45 are representative of the MW and the LW regions of thermog- 
raphy since the optical constants are functions that slowly but monotonously in- 
crease with wavelength. Obviously, the minima for R,, are at very large angles, that 
is, nearly grazing incidence for these (and many other) metals. This is not suitable 
for practical field work. Hence, a first conclusion is that suppression of thermal 
reflections will not be applicable to pure metal surfaces. However, even at angles 
in the range of 40—60°, many metals have z values in the range of several percent. 
This may be sufficient to at least identify thermal reflections. 
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Figure 3.44 Reflectivity vs. angle of incidence for iron. (a) A = 4.44 um, n = 4.59 + 113.8; 
Pmin = 86°, 2(86°) ~ 47%, 2(60°) = 12.5%; (b) A = 10.0 um, n = 5.81 + 130.4; @ min = 88°, 
2(86°) ~% 32%, z(60°) = 3.6%. 
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Figure 3.45 Reflectivity vs. angle of incidence for aluminum. (a) A = 4.51 um, n = 7.61 + 144.3; 
min = 89°, 2(86°) ~ 28%, z(60°) = 2.2%; (b) A = 10.0 um, n = 25.3 + 189.8; Pmin = 89°, 
2(86°) © 40%, z(60°) = 1.7%. 


Nonmetals 

In contrast to metals, other materials of practical use that absorb in the IR range 
offer much better options. Figure 3.46 illustrates the reflectivities for glass (SiO,). 
In the MW region, z = 1, that is, 100% suppression should be possible at Brewster’s 
angle. Also, an appreciable partial suppression should be possible for angles > 30°. 
Because of the absorption maximum of glass in the 8—10 um range with a peak 
around À = 9 um, a LW camera would not allow perfect suppression, but again, 
very satisfying results are already expected for angles > 30°. 

As a final example, Figure 3.47 depicts reflectivity spectra for silicon. This ex- 
ample is motivated by investigations to study the temperatures of silicon wafers 
in situ with IR imaging. However, because of the large real part of the index of 
refraction of silicon of about 3.4, silicon wafers are very good mirrors for thermal 
radiation; hence, suppression of reflections is essential for correct measurements. 

An obvious preliminary conclusion from these theoretical reflectivities is that 
the use of polarizing filters should be useful in suppressing thermal reflections 
for many materials, with the exception of metals, where the minimum angles are 
close to grazing incidence. A number of practical materials behave in a manner 
similar to the examples shown, for example, wood used for furniture or other in- 
door applications is often treated with lacquer, giving a very smooth reflecting 
surface. 


3.4.1.3. Measuring Reflectivity Spectra: Laboratory Experiments 

To verify the theoretical predictions and study their applicability for the suppres- 
sion of thermal reflections, a series of laboratory experiments was carried out. The 
objects under study emit unpolarized IR radiation. In addition, disturbing ther- 
mal reflections from warm or hot objects in the surroundings were present. These 
reflections correspond to partially polarized radiation, which may be eliminated 
by appropriate polarizers. 
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Polarizers 

Polarizers must be of a material that is transparent to IR radiation. In the stud- 
ies described in what follows, polarizers with an aperture of 50mm, made of Ge 
for the LW range and CaF, for the MW range, were used (in principle, the Ge 
polarizer can also be used for the MW range). The polarizing function is due to 
small metal strips on top of the corresponding substrates. For the Ge polarizer, 
they are 0.12 um wide and made of aluminum with a grating constant of about 
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Figure 3.48 Arrangement for letting IR source the beam to the camera stays exactly collinear 
and IR camera at fixed positions. Thermal ra- while the sample on the assembly is rotated. 
diation from a globar is reflected from the The incident radiation from the fixed globar 
sample and passes a polarizer on its way to is directed onto the entrance beam of the 

the camera. Under operation, the direction of assembly by mirrors (not shown). 


0.25 um. Like metal grids for microwave radiation or Polaroid foils [34], only ra- 
diation with electric field vector pointing perpendicular to the strips will be trans- 
mitted. The Ge polarizer is equipped with an antireflection coating to minimize 
reflection losses. 


Experimental Setup for Quantitative Experiments 
The principal setup for quantitative angularly resolved measurements of reflec- 
tivity is shown in Figure 3.48. It was developed to simplify the experiments in 
keeping the IR source for the thermal reflections, a globar with T from 1000 to 
1500°C, and the detector, that is, an IR camera, at fixed positions while at the same 
time easily fulfilling the condition of the law of reflection. The whole assembly is 
mounted on a transparent plate with angular scale. With this assembly, angular 
measurements in a range between 27 and 85° are possible. For very large sam- 
ples, the angular range can be extended to 89°, that is, grazing incidence that is 
necessary for metals. 

Using this setup, a number of precise measurements were carried out with, for 
example, aluminum, iron, SiO, (glass), or silicon. The results confirm the theo- 
retical expectations according to the Fresnel equations. 


Example for Measured Reflectivity Curve 

For selected materials, wavelength-dependent measurements of the reflectivities 
for parallel and perpendicular polarization were done. For polished and smooth 
surfaces, no deviations from the predictions of Fresnel’s formulas are expected. If 
surface roughness comes into play, the influence of diffuse scattering could give 
rise to discrepancies. Experiments were done with the reflection accessory of a 
FTIR spectrometer. For selected angles, reflection spectra were recorded. There- 
fore, in principle, the spectra for all wavelengths are available. Figure 3.49 depicts 
some results for a silicon wafer, together with an enlarged view of the theoretical 
prediction, which is shown in Figure 3.47. The experimental values nicely coincide 
with the predictions for 2-polarization. 
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Figure 3.49 Angular dependence of reflectivities R, and R, for silicon at wavelengths 10 and 
3.33 um compared to theoretical expectations. 


3.4.1.4 Identification and Suppression of Thermal Reflections: Practical Examples 

In what follows, three applications are described. First, reflections from a polished 
silicon wafer, then reflections from normal glass (which may be encountered quite 
often in different thermography applications, for example, buildings), and, finally, 
reflections from polished and varnished wood are discussed. 


Silicon Wafer 

From Figures 3.47 and 3.49 it is expected that thermal radiation polarized parallel 
to the plane of incidence may be completely suppressed at a wavelength of about 
10 um. The absorption coefficient does vary a bit over the wavelength range of 
LW cameras [4], however, this is not enough to significantly change the plot of 
Figure 3.47. For MW wavelengths between 3 and 5 um, it is even lower. Therefore, 
to the first order, silicon should behave as shown in Figure 3.47 for IR radiation all 
across the MW and LW ranges. 

The setup for this experiment and the one with glass is shown in Figure 3.50. 
An 8-in polished silicon wafer was attached to a clean glass plate. It sticks to it 
immediately via adhesion forces. A human face served as a source of IR radiation, 
which is reflected from the wafer. An LW IR camera is positioned in a direction 
corresponding to an angle of 75° with respect to the surface normal of the wafer, 
that is, close to its Brewster angle. Figure 3.51 depicts the resulting IR images. 

Clearly, a perfect mirror image is seen in the visible as well as in the IR if the 
polarizer transmits the perpendicular component (Figure 3.51a). In particular, the 
reflections from the wafer and the glass can be studied simultaneously. Rotating 
the polarizer (Figure 3.51b) by 90°, the thermal mirror image on the wafer is more 
or less suppressed completely, whereas one may still see a part of the thermal 
reflection on the glass. 
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Figure 3.50 Experimental setup with glass 
plate and silicon wafer (attached to it by 
adhesion) oriented vertically. The face of a 
colleague served as an IR source. The angle 
of incidence (and reflection) was chosen 
close to 75°. 


(a) 


Figure 3.51 Suppression of thermal reflections from wafer as observed through IR polarizer 
oriented (a) perpendicular or (b) parallel to plane of incidence at angle of incidence of ~ 75°. 


Glass Plates 
According to Figure 3.46, the angle of 75°, which is the Brewster angle for silicon, 
is not expected to work just as well for glass. This is why Figure 3.51 still showed 
the contours of a reflected image on the glass plate. This is an example of how the 
method works if the angle is not perfect: there is only partial suppression, but this 
is sufficient to at least identify thermal reflection sources. Still, thermal reflections 
from glass can also be suppressed more or less completely. Figure 3.52 depicts 
again the IR image of a person bending over a horizontal table with a vertically 
oriented glass plate. 

The wafer was removed, that is, only reflections from the glass could occur. 
Obviously, pronounced thermal reflections from the glass plate can be observed. 

Figure 3.53 shows the same scene with the IR polarizer being oriented either 
parallel or perpendicular to the plane of incidence. The change in absolute tem- 
perature is not relevant here; it is due to the fact that the warm polarizing filter 
was just placed in front of the camera. First, thermal reflections of the warm de- 
tector from the polarizer surface may contribute (the Narcissus effect); second, 
the IR camera was not calibrated with this filter. Hence, the results are more or 
less only qualitative. 

Figure 3.53 nicely demonstrates the more or less complete suppression of the 
thermal reflections. According to Figure 3.46, it is not possible to easily attribute a 
specific Brewster angle for the A range from 8 to 14 um to glass since the reflectiv- 
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Figure 3.52 Thermal reflections from a glass plate, observed with a LW IR camera without any 
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Figure 3.53 Thermal reflections from glass plate of Figure 3.52, observed with LW IR camera 
through IR polarizer oriented perpendicular (a) and parallel (b) to plane of incidence. 
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ity curves vary appreciably; therefore, the angle was optimized for these images, 
and it was probably around 60°. For different angles, the suppression would only 
be partial but still sufficient to identify disturbing thermal sources (see earlier ex- 
ample of silicon wafer). 

Glass is used in many applications of thermography, in particular building ther- 
mography, and so care should be taken to assure that the signals from the camera 
are real and not due to reflections. 


Varnished Wood 
Varnished wood has very smooth surfaces, similar to thin films. Hence, specular 
reflections are to be expected, in particular at large angles of incidence. Figure 3.38 
already demonstrated pronounced thermal reflections from such surfaces. In Fig- 
ure 3.54, IR images of the same scene were recorded while looking through the Ge 
polarizer. As in the case of the silicon wafer and the glass plate, the reflections can 
be strongly suppressed if the polarizer is oriented parallel to the plane of incidence 
(Figure 3.54b). 

In conclusion, thermal reflections are a nuisance in IR imaging. They are a com- 
mon source of disturbing signal contributions to object signals and complicate any 
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(a) (b) 


Figure 3.54 Suppression of thermal reflections from varnished wood as observed through IR 
polarizer oriented (a) perpendicular and (b) parallel to plane of incidence. 


kind of quantitative analysis. Therefore, it is very important to identify sources of 
thermal reflections and, if possible, suppress them. So far, no commercial solu- 
tions are available. Laboratory experiments have, however, proven the suitability 
of polarizing filters to at least identify such reflections at nonnormal incidence. 
The results, demonstrated for several materials, are very encouraging and sug- 
gest that the method is applicable to a much wider range of materials. 


3.4.2 
Polarization-Sensitive Thermal Imaging 


Polarization is a fundamental property of electromagnetic radiation (Section 1.2) 
and can provide important additional information not only in visual imaging [36] 
but also in IR thermal imaging investigations. Polarimetric sensing techniques 
and especially imaging polarimetry are widely used in such different fields as pho- 
tography, microscopy, spectroscopy, atmospheric remote sensing, astronomy, and 
biomedical diagnostics [37]. 

In conventional IR imaging with commercial cameras, the object radiance 
within a defined waveband incident on the detector is measured. This signal de- 
pends on the object temperature and is not sensitive to the polarization state of 
incident IR radiation. 

However, any radiation emitted from a source can be partially polarized and, 
utilizing the polarization, may help to enhance fine details of an object within an 
image. Since polarization (usually) does not depend on temperature, the display 
of polarization information in thermal images can obscure the temperature in- 
formation. Therefore, polarization in IR imaging is mostly used as an additional 
qualitative tool to enhance contrast and detail in IR images. It can be due to two 
different, though related, mechanisms. 

First, polarization in emitted IR radiation can occur if the object emissivity de- 
pends on the angle of observation. For example, the IR emissivity for water sur- 
faces shows a distinct polarization dependence on the wavelength and the ob- 
servation angle [38]. Second, scattering (including reflection) of unpolarized IR 
radiation from matter (Section 3.4.1) can lead to partial polarization of the radia- 
tion [36-39]. 


3.5 Processing of IR Images 


In recent years, IR imaging polarimetry has become more common in remote 
sensing owing to its demonstrated enhancement of sensitivity and image con- 
trast [40, 41]. The resulting images reflect a mapping of the degree of polarization 
in an object scene, however, without including temperature information. 

The typical setup for polarimetric imaging with a common IR camera just needs 
a suitable linear polarizer. The polarizer can be rotated in front of the camera in 
order to detect different polarization states depending on the polarizer orienta- 
tion. 

The following procedure is commonly used to construct a linear polarimetric 
image. The state of polarization is completely defined by the Stokes parameters 
So, Si» Sy, and S, [36]. For a linear polarization imager (the most common class 
of imaging polarimeter) it is sufficient to determine the Stokes parameters So, S,, 
and S, (S, refers to circular polarization; see [36, 42] for details). These Stokes 
parameters can be related to radiance measurements according to Eq. (3.26): 


So = L(0°) + L(90°) (3.26a) 
Sı = L(0°) — L(90°) (3.26b) 
S, = L(+45°) — L(—45°) (3.26c) 


where L(0°), L(90°), L(45°), L(—45°) represent the measured radiance images for 
different linear polarizer orientations at angles 0°, 90°, +45°, —45°, respectively. 
The degree-of-linear-polarization (DoLP) image is defined as [36, 42] 


4/ Si +82 


DoLP = 
o So 


(3.27) 
and it may be easily calculated from the measured radiance images. It ranges be- 
tween 0 (unpolarized) and 1.0 (linearly polarized). 

The image quality improvement in terms of details within the resulting DoLP 
images of an object scene with a human (b) and an enlarged human face (d) with 
respect to conventional thermal images (a,c) are shown in Figure 3.55 (after [42, 
43]). In DoLP images, facial contours are much more visible and the enhanced 
image contrast is clearly seen. 


3.5 
Processing of IR Images 


IR images represent a spatial radiance distribution incident on the detector ar- 
ray. The first image processing is done inside the camera firmware by calculating 
the temperature of the object scene from the detector signals using the camera 
calibration parameters and various user-defined parameters, for example, emis- 
sivity, ambient temperature, humidity, and measurement distance. The result is a 
false color image of the temperatures, which must be interpreted by the observer. 
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Figure 3.55 (a,c) Conventional long-wave-IR (LWIR) thermal image (grayscale) in which the 
facial features lack details. (b,d) The same scenes but displaying the polarimetric information as 
a DoLP image. Images courtesy K. Gurton and A. Juffa. 


3.5 Processing of IR Images 


Further postrecording image processing can, on the one hand, help improve the 
pictorial information for human interpretation of IR images. On the other hand, it 
can prepare images for the measurements of predefined features. More advanced 
procedures of image processing will use the image data for autonomous machine 
perception. 


3.5.1 
Basic Methods of Image Processing 


Some basic methods of image processing, for example, image fusion, image build- 
ing, and image subtraction, can be applied using the typical R&D software in IR 
cameras. Moreover, numerous programs (e.g., Adobe Photoshop) can also be used 
for postprocessing of images, such as digital detail enhancement. 


3.5.1.1 Image Fusion 
In general, image fusion is a process of combining relevant information from dif- 
ferent images into a single image [44]. In thermography, image fusion refers to 
the combination of IR images with VIS images from megapixel cameras. The IR 
image can be either superimposed on the VIS image (picture-in-picture overlay) 
(Figure 3.56) or merged with the VIS image (see following discussion). This sig- 
nificantly enhances the information content within a single image. For instance, 
the temperature distribution depicted by the IR image will sometimes not reflect 
the structural properties of the investigated object. Superimposing the IR image 
on the VIS image can also solve the problem of identifying observed tempera- 
ture anomalies with features of the object. Overall, superposition of IR images on 
visible images simplifies the interpretation considerably. 

Some IR cameras offer image fusion not only by superimposing IR images on 
visible ones but also by merging visual and IR images. This merging function op- 
erates in real time [45] and offers the possibility to highlight object areas in VIS 


(a) 


Figure 3.56 (a) FLIR TG640 camera with 640 x 480 pixels IR resolution and 3.2 megapixel 
digital camera (above IR lens) allowing IR image overlay on VIS images. (b) Example overlay 
image of indoor inspection of roof area. (Image courtesy FLIR Infrared Training Center.) 
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Figure 3.57 Example of merging IR and 
VIS image with FLIR camera T650sc (640 x 
480 pixel in IR camera and 5 megapixel VIS 
camera). 


images that are above or belowa predefined temperature threshold or areas within 
a predefined temperature interval (Figure 3.57). 

Such a thermal image fusion can also be done in a postrecording mode using 
image-processing software. Figure 3.58 depicts some examples of the merging of 
VIS and IR images. Note that close-up images may pose problems for the super- 


(a) 


Figure 3.58 Examples of thermal image fusion. (a) VIS image; (b) IR image; (c) fusion image. 
Top: electronic board under load; middle: inspection of pipes of a heating system; bottom: car 
seat heating. 
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position since the lenses for the IR and the VIS camera are separated, that is, the 
images are slightly shifted with respect to each other. 

Merging IR and VIS images is particularly important when dealing with in- 
expensive IR cameras having a small number of pixels, for example, the FLIR 
C2 camera with 80 x 60 IR pixels. Without additional VIS image information, 
overview IR images covering a large image field show little detail and are hard 
to interpret. Using an overlap with the VIS image (for the C2, for example, a 
640 x 480 pixel VIS image), the user already gets a much better feeling for the 
location of thermal features that must be analyzed later on close up. The same 
applies to IR cameras acting either as smartphone accessories or already built into 
phones. Currently, there are IR cameras of reduced pixel numbers, for example, 
FLIR second-generation cameras for the Apple iPhone and Android systems have 
160 x 120 IR pixels that are superimposed on a VGA ox 1440 x 1080 visible camera 
image. So far, one smartphone with an IR camera already integrated is available, 
the CAT S60 with 80 x 60 pixels IR camera, which is also superimposed ona VGA 
visible image. 

Compared to the usual spatial resolution of commercial digital cameras, VIS 
images with VGA, that is, 640 x 480 pixels, do have lower quality. Therefore, ad- 
ditional image processing is applied, called, for example, MSX for FLIR cameras, 
which enhance the contrast of edges (see following discussion). These processed 
VGA images are then used for the superposition of even lower-resolution IR im- 
ages. 

The resulting superimposed and processed VIS-IR images look much nicer than 
IR images alone (which is of course why this is done anyway). Therefore, we point 
to the danger that these superimposed and processed images suggest a much bet- 
ter spatial resolution of the IR image than is available in reality. 


3.5.1.2 Image Building 

A typical practical problem of IR inspection is that the object scene is sometimes 
so large that the field of view (FOV) of the available camera optics can only cap- 
ture part of it. This can, for example, be due to constraints regarding possible ob- 
ject distances. Alternatively, one may be able to get complete images of extended 
objects, with the disadvantage, however, of low spatial resolution owing to the 
required large object distance. Both these problems can be solved with image- 
building software tools. Such postrecording image-processing software has been 
developed, in particular, at the request of the building inspection industry and is 
image-assembling software that allows one to combine and align different images 
to create high-resolution overview images. Obviously, the method only works for 
stationary conditions since repositioning of the camera multiple times can require 
quite a large time span for the recording of a single large image. 

We now discuss this application in more detail. The camera FOV is determined 
by the f-number of the camera optics (many standard lenses having a 20—24° 
FOV). The spatial resolution can be simply calculated by dividing the FOV by 
the linear number of FPA pixels and is represented by the instantaneous field of 
view (IFOV) (Section 2.5.3). If the object scene to be analyzed is too large, for ex- 
ample, an elongated building as shown in Figure 3.59, compared to the camera 
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Figure 3.59 High-resolution overview image of a building with 932 x 230 pixels combined 
from three separate thermal images with 320 x 240 pixels per image. 


FOV, the use of an additional wide-angle lens is possible. It increases the IFOV 
by some factor while at the same time reducing the spatial resolution by the same 
factor. The resolution reduction can cause measurement errors and misinterpre- 
tations for small object sizes (Section 2.4.4). This problem is avoided by capturing 
a number of thermal images that cover different parts of the object scene. All these 
frames offer spatial resolution according to the detector IFOV. The thermal im- 
ages depicted in Figure 3.59 were recorded using a camera with a 1.3 mrad IFOV. 
Considering an object distance of about 40 m, the images will exhibit a spatial 
resolution of about 5cm. The combined image is characterized by the same spa- 
tial resolution. If instead a wide-angle camera lens had been used to capture the 
same horizontal object size, the FOV would have increased by a factor of 3. In that 
case, the IFOV would have been about 4 mrad, and the image would have offered 
a spatial resolution of only 15cm. This difference in spatial resolution is shown 
in Figure 3.60, which presents an example of the same object scene that was first 
recorded with a wide-angle lens with 45° FOV (Figure 3.60a). The same scene is 
shown in Figure 3.60b as a combined image of six single IR images recorded with 
a telephoto lens with 12° FOV. The difference in spatial resolution is obvious. If 
a quantitative analysis is requested, a high-resolution combined image would be 
much better, whereas the wide-angle image could cause wrong interpretations 
owing to the low spatial resolution. 

IR image-building software usually offers fully radiometric composite images 
that can also be analyzed with the typical analysis software used for single im- 
ages [45]. Image building is suitable for large static object scenes and can be used 
for a large variety of applications, for example, the inspection of buildings, elec- 
trical sytems at transformer stations, panels, and electronic boards. 

As an additional example Figure 3.61 depicts a composite image of an electronic 
board. For the analysis, a 34/80 close-up lens of a 320 x 240 pixel LW camera was 
used to obtain a high spatial resolution of about 100 um per pixel. The image field 
of a single image equals 34 x 25 mm? at an object distance of 80mm. 


3.5.1.3 Image Subtraction 

Image subtraction is a method of image processing that can, first, help to identify 
small temperature changes, second, suppress the influence of thermal reflections, 
and, third, if applied consecutively, visualize time derivatives, for example, those 
due to transient phenomena. 
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(b) 


Figure 3.60 Thermal image captured with a 45° lens (a) compared to a combination of six 
individual images using a 12° lens and image-building software (b). 


Figure 3.61 Composite IR image (864 x 602 pixels) of an electronic board with load. The image 
was assembled from 3 x 3 single images. 


Image subtraction can be done in two ways: by subtracting a reference image 
from each image of a recorded sequence or by a consecutive process, that is, sub- 
tracting each image from its precursor. The first procedure results in a new se- 
quence showing the temperature difference between each image of the sequence 
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Figure 3.62 Thermal images of a plate with is subtracted from the resulting image. The 
holes. After grabbing the baseline image (b), ensuing subtracted image (c) clearly exhibits 
one of the holes is heated by a microheater. the temperature difference. (Image courtesy 
The resulting image (a) shows the ensuing FLIR Infrared Training Center.) 

temperature distribution. The baseline image 


and the reference image. Figure 3.62 presents an example of this procedure using a 
plate with holes. The temperature of one of the holes is slightly increased by about 
0.6 °C using a microheater. It is very difficult to find this hot spot in Figure 3.62a 
(result) owing to the small temperature change compared to the temperature span 
in the IR image. Figure 3.62b (baseline) shows the temperature distribution before 
the hole is heated. The comparison of the baseline image and the result image 
does not really help find the position of the hot spot, but the subtracted image 
(Figure 3.62c) clearly depicts its position. The temperature is changed by about 
1°F (5/9 °C). This example demonstrates that image subtraction is suitable for de- 
tecting very small temperature changes in object scenes. 

Image subtraction can also be used in applications where reflections of ambient 
temperature should be suppressed. Figure 3.63 shows an electronic board. From 
the visual as well as from the IR image, highly reflecting electronic devices are 
clearly seen. If the board is operated, these reflections will add to the emission 
of the current-induced self-heated electronic devices. Therefore, the simple IR 
image does not allow one to correctly estimate the temperature change under 
load. 

The suppression of background radiation reflections can be understood from 
Eq. (2.37a). Neglecting atmospheric influences, the detected radiance will consist 
of the emitted object radiation and the reflected radiation of the background: 

Lje y) = E(x, YL cpject\E object) +t [1 a E(x, VY) Lamp ( T amb) (3.28) 

The e(x, y) equals the object emissivity at the position (x, y). If we calculate the 
difference in signals detected for two different object temperatures but the same 
ambient temperature, the signal is no longer affected by the reflection: 


AL gets 9) = e, 3) È [EEB a(Trorjecd)— LBect(Trovie)| } 829) 


The subtracted image will depend only on the temperature difference. How- 
ever, the correct emissivity must be applied to measure the correct temperature 
difference. 

From Eqs. (3.28) and (3.29) it is clear that image alignment is critical for image 
subtraction. A small misalignment between the source and the reference image 
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Figure 3.63 Image subtraction applied to a image), (c) IR image of electronic board with 
thermographic analysis of an electronic board. applied voltage (source image), and (d) sub- 
(a) VIS image, (b) IR image at ambient tem- tracted image (source image-reference im- 


perature without applied voltage (reference age). 


will cause different positions (x, y) with different emissivity values and the sub- 
traction algorithm will fail. This is illustrated in Figure 3.64 for two similar IR 
images for the electronic board with no load. With proper alignment, the sub- 
tracted image resembles the image noise, whereas slight misalignments result in 
the presence of additional features, although no temperature change occurred 
during recording. 


3.5.1.4 Consecutive Image Subtraction: Time Derivatives 

In the second method of image subtraction, consecutive image subtraction is per- 
formed. In this case, the difference signal for a pixel (x, y) of the nth image in the 
sequence AS(x, y, n) is computed via 


AS(x, Y, n) e S(x, Yı n) ~~ S(x, Y i= 1) (3.30) 


Since subsequent images n and n — 1 are separated by a time interval At, de- 
fined by the frame rate of the recording, consecutive image subtraction represents 
a calculation of the first derivative of the image in time domains. If this algorithm 
is applied to the self-heating process of the electronic board components shown in 
Figure 3.63, the differences in the time-dependent temperature increase become 
obvious. Figure 3.65 show a series of images that represent consecutive subtrac- 
tion results during the self-heating process if a voltage is applied. From the con- 
secutive image subtraction, the different time constants during the self-heating 
process are obvious. The component at the bottom of the board exhibits a faster 
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Figure 3.64 Influence of image misalignment in a correct subtracted image (e). Right: mis- 
on result of image subtraction. Source (top) alignment between source (b) and reference 
and reference (middle) images for electronic images (d) of a different board will result in an 
boards with no load. Left: correct alignment of incorrect subtracted image (f). 

source (a) and reference image (c) will result 


temperature increase than the device in the middle. It reaches stationary condi- 
tions much faster during board operation. Therefore, it has already disappeared 
in the final subtracted images at times tę and t,. The temperature of the device in 
the middle increases on a much longer timescale. At the end of the self-heating 
process, when stationary conditions are reached, all components will disappear 
in the consecutive subtracted images of the board. 
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Figure 3.65 Consecutive subtracted thermal images of an electronic board during self- 
heating due to applied voltage (t; < t, < ... < t,). Transient phenomena with different 


timescales are observed. 
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If the consecutive subtraction algorithm is applied a second time to an already 
consecutive subtracted image sequence, the second derivative of the temperature 
in time domains will be calculated. It can provide additional information about 
the time-dependent temperature behavior of the investigated object and is used, 
for example, in pulse thermography ([46] and Section 3.6.2). 

Consecutive image subtraction can also be used to extract features of moving 
objects in real time if the object scene and the background are either more or less 
static [47] or featureless. Figure 3.66 presents an example of such a system: a water 
beaker was heated from below resulting in convection patterns at the upper sur- 
face (Section 5.3.4). Convection currents have only small temperature differences 
compared to the rest of the water, and features change rapidly. Whereas compar- 
ison of two consecutive images with regard to changes is difficult, the subtracted 
images clearly show only the locations where changes occur because of convec- 
tion currents. 


3.5.1.5 Consecutive Image Subtraction: High-Sensitivity Mode 

Similar to Figure 3.66, some R&D software, for example FLIR ResearchIR, offer a 
type of consecutive image subtraction as an additional filter. The idea is that one 
observes not the live image sequence in real time, as in Figure 3.66a, but rather a 
consecutive subtraction image sequence in real time, such as in Figure 3.66b. This 
works as the image subtraction procedures operate in real time. They increase 
the sensitivity in IR thermal imaging by enhancing the differences between the 
consecutive images in a dynamic scene. FLIR has introduced this high-sensitivity 
mode (HSM) for gas leak detection using its GasFind cameras [45]. Figure 3.67 
illustrates this HSM mode for the example of a 1000 mL/min CO, gas leak. 


3.5.1.6 Image Derivative in Spatial Domain 

For still, that is, static, images it is sometimes desirable to increase image contrast, 
for example, by enhancing the thermal contours of objects. The corresponding 
image-processing algorithm calculates spatial derivatives. This can be done by 
exporting the radiance or temperature data from the IR image into a spreadsheet 
program. The calculation of the derivative is done in the x- or y-coordinate direc- 
tion by consecutive subtraction of columns or lines, respectively. This procedure 
will increase the image contrast for image regions with nonzero temperature gra- 
dients dT/dx + 0 or dT/dy 4 0. In Figure 3.68, the original IR image is depicted 
in comparison to the calculated image derivative in the «-coordinate, that is, the 
horizontal, direction. Obviously, the image derivative exhibits enhanced contours 
of vertical and inclined features caused by the temperature gradients. 

However, horizontal features, for example, the roof edge of the house, cannot 
be seen, as expected. For them to show up, the derivative in the y-coordinate di- 
rection must be computed. 

Figure 3.69 depicts an example where the derivation algorithm was applied both 
to the x- and y-coordinate directions for an electronic board (again the one from 
Figure 3.63) under load. The derivative images for x and y can be combined to 
obtain improved information about the temperature gradients in both directions. 
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Image 5 - Image 4 


(a) Image 5 


Figure 3.66 Convection of heated water. (a) Original IR images grabbed every 0.2 s. (b) Images 
from consecutive subtraction. 
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(b) 
Figure 3.67 IR image (a) of a CO, gas leak and sensitivity improvement using HSM with con- 


secutive image subtraction (b). 
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Figure 3.68 Comparison of original IR image (a) and its image derivative (b) in spatial domain 
along horizontal coordinate. 


The combined image, however, still gives incorrect results at the corners of the 
self-heated processor because temperature gradients incorrectly aligned toward 
the coordinate axes are shown incorrectly. 
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(a) rP 


(b) (c) (d) 


Figure 3.69 IR image of electronic board (a) processed to yield spatial derivatives along x (hor- 
izontal) coordinate (b) and y (vertical) coordinate (c) and combination of the two derivative 
images (d). 


Maximum AT to 
neighboring pixels 


(a) Source image Derivative image (b) 


Figure 3.70 Calculation of image derivative in spatial domain using maximum temperature 
difference between neighboring image pixels. 


Therefore, an improved procedure for calculating the temperature gradients 
within a thermal image should be applied. Figure 3.70a depicts the mathemati- 
cal procedure. For each pixel, the signal difference for all eight neighboring pixels 
is calculated. The maximum difference is used as the new pixel signal. This al- 
gorithm is applied to all pixels of the image and results in the derivative image 
shown in Figure 3.70b. Obviously, the result of this algorithm reflects the con- 
tours of temperature changes of objects more accurately. 
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3.5.1.7 Infrared Image Contrast and Digital Detail Enhancement 

Basic Idea of Digital Contrast and Detail Enhancement 

Usually an IR camera signal contains 12—14bit of information, which, in false 
color, resembles 4096—16 384 different hues. Still, perception problems may oc- 
cur due to the limitation of human visual recognition. We discuss the grayscale 
images first. 

A human observer can distinguish only approximately 128 levels of gray, which 
corresponds to 7 bit images. If automatic gain control (AGC) with linear grada- 
tion is applied in the IR image analysis software, the human observer cannot de- 
tect low-contrast objects within a high-dynamic-range object scene; see, for ex- 
ample, the image in Figure 3.71a. However, perception may be enhanced if the 
linear image gradation curve is changed to a nonlinear one that is characterized 


(c) (d) 


Figure 3.71 Detail enhancement by ap- tion curve; (b) with nonlinear gradation curve. 
plication of nonlinear gradation to a high- (c, d) Same image, represented with 8 bit color 
dynamic-range IR image. (a,b) 8 bit gray-level scale (iron) representation: (c) with linear gra- 
representation of high-dynamic-range IRim- dation curve; (d) with nonlinear gradation 

age from Figure 3.37a: (a) with linear grada- curve. 
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by small grayscale changes for large signal changes and large grayscale changes 
in regions with small signal changes. This so-called Digital Detail Enhancement 
(DDE) procedure has been applied to the image in Figure 3.71a, resulting in the 
changed image of Figure 3.71b. Apparently, this nonlinearity algorithm enables 
the observer to also detect low-contrast object details. 

Figure 3.71 also compares grayscale and color representations of the same im- 
age, that is, the same content of information. Obviously, color scales are better 
suited for image enhancement procedures. Nevertheless, grayscale images are still 
often used in security and surveillance applications (Section 10.9), probably be- 
cause they allow a direct comparison with low-light-level visual images that are 
grayscale images anyway. For all other purposes, color palettes are superior for 
image enhancement with regard to the visual detection of features by human ob- 
servers. 


Digital Contrast and Detail Enhancement in IR Imaging 

Nowadays, detail and contrast enhancement algorithms are widely used in image 
processing not only in the visual range but also for IR images [48, 49]. Therefore, 
some methods are usually included in camera image-processing software, for ex- 
ample, in FLIR ResearchIR [45]. 

One of the most popular automatic procedures used for contrast enhancement 
is histogram equalization [50-52]. An image histogram represents the probability 
distribution of object signal or temperature values in an image. In what follows, 
we describe the procedure. 

First we construct a histogram based on the temperature values in the object 
scene. This is done by dividing the entire temperature range in the IR image into 
a series of temperature intervals (bins) and then counting how many pixel tem- 
perature values in the image fall into each bin. Usually the bins are defined as 
consecutive, adjacent, and nonoverlapping equal intervals. Figure 3.72 shows an 
example of an IR image and the associated histogram. 

The IR image in Figure 3.72b is displayed with automatic gain control (AGC) 
and a linear false color mapping within the image dynamic range. Four regions of 
well-separated temperatures, or regions of interest (ROIs), can be seen, but within 
each of these regions there is very low contrast. The histogram clearly shows that 
for this image the linear dynamic range mapping causes sharp peaks in the prob- 
ability distribution. Although the image shows all relevant temperatures, a large 
temperature interval from about 34 to 68°C, including all green and yellowish 
hues of the color representation, is not seen in the image. This results in low- 
contrast behavior, that is, a loss of detail information for the temperature spread 
within the ROIs, as seen in Figure 3.72. The idea in histogram equalization is to 
obtain a more uniform probability distribution in the histogram applying a math- 
ematical operation. The corresponding nonlinear mapping of the image dynamic 
range will enhance the contrast within the ROIs of the image in a high-dynamic- 
range object scene. 

An example of this procedure is shown in Figure 3.73 for an image histogram. 
The mathematical operation is called Plateau Equalization (PE scale). Existing 
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Figure 3.72 (a) VIS and (b) IR image of elec- sen regions of interest. 1: background, 2: 
trically heated blackbody (Tg, = 70°C). (c) As- blackbody housing, 3: power switch region 
sociated histogram of IR image with 20-72°C of blackbody, 4: blackbody emitter region. 
temperature range. Numbers refer to cho- 


object temperature ranges in the image are stretched on the color scale, whereas 
temperature ranges not present in the image are compressed by a plateaulike be- 
havior of the mapping curve. 

FLIR Systems has included such an advanced nonlinear image-processing 
algorithm in several analysis software packages in order to find low-temperature- 
contrast objects in a high-dynamic-range object scene [45, 53]. The relevant 
details of an image are enhanced within the total dynamic range of the original 
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Figure 3.73 Image histogram (a) and exemplary nonlinear mapping function for a given color 
scale of temperature (b). 


image. As a result of the algorithm, low- as well as high-contrast objects can be 
seen simultaneously by a human observer. This algorithm is especially important 
for a number of security and surveillance thermal imaging applications. 

We use the IR image depicted in Figure 3.72b to demonstrate these IR image- 
contrast-enhancement techniques. Figure 3.74 depicts the results of a histogram 
PE for different degrees (moderate vs. very pronounced) of the equalization pro- 
cedure. The improvement in contrast and perception of details in the processed 
image are obvious. 

To describe and explain more details of the image processing techniques, we 
discuss the simpler grayscale representations. Figure 3.75 depicts the IR image 
of Figure 3.72b as a grayscale image and also gives its corresponding gray-value 
image histogram. 

Obviously, it is difficult to detect any fine details within the grayscale image. Ini- 
tially, we apply the PE algorithm (Figure 3.76). The contrast enhancement com- 
pared to the linear gradation curve image is clear. The histograms show that the 
PE algorithm has already spread the gray value scale for the ROIs by applying a 
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Figure 3.74 Image contrast enhancement and color-scale changes using PE of image his- 
togram. (a) Original image with linear mapping function, (b) moderate PE algorithm, (c) very 
pronounced PE algorithm. Color scale in °C. 
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Figure 3.75 IR image of Figure 3.72b with linear gradation curve (a) and gray-value histogram 
of image (b). ROIs are the same as in Figure 3.72b,c. 


nonlinear conversion of the pixel temperature data to the grayscale (gradation 
curve). This improves the visibility of details in these regions. 

Further improvement is possible with the Advanced Plateau Equalization (APE) 
algorithm, which not only spreads the gray (or color) scale in the regions of inter- 
est but also leads to a much broader probability distribution curve in the image 
histogram of unused gray values (or colors). This results in a much improved con- 
trast enhancement of the IR image (Figure 3.77). 

Figure 3.78 shows a corresponding APE image in color scale that may be com- 
pared to the original IR image of Figure 3.72b. 

Rather than having users adjust the parameters of a PE procedure in the soft- 
ware to optimize image quality, FLIR Systems also offers another advanced non- 
linear image-processing algorithm (e.g., in the ResearchIR software package) that 
preserves details in high-dynamic-range imagery. This algorithm is called Digital 
Detail Enhancement (DDE). DDE images of the same scene as before are depicted 
in Figure 3.79. The degree, also called the aggressiveness, of the algorithm or the 
nonlinearity level of the gradation function is user selectable. At the highest de- 
gree level of the DDE PE algorithm the image histogram becomes nearly flat over 
the entire grayscale, causing a considerable contrast enhancement in the image, 
but also causing the loss of temperature information in the IR image. 
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Figure 3.76 Comparison of PE scale images and histograms for moderate (a,b) and pro- 
nounced (c,d) PE. 
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(b) Grey value 


Figure 3.77 APE scale image (a) and image histogram (b). 


Figure 3.78 Processed IR image of Figure 3.72b using APE leads to much better contrast. 


The DDE algorithm is applied to the original 14 bit data before any gradation 
curve is introduced to the data. This improves the performance with respect to 
clearly defined edges in the IR image. In the FLIR ResearchIR software, the DDE 
level and, thus, the sharpness of edges are also user selectable. Figure 3.80 presents 
an example of increasing sharpness of edges in an IR image at a higher DDE level. 

The aforementioned methods of contrast and detail enhancement work well 
to improve the perception of fine details in IR images. However, because of the 
strongly nonlinear response curves, the color information in a processed image 
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Figure 3.79 DDE images with different degree of histogram equalization: (a) weak equaliza- 
tion, (b) strongest equalization. 
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Figure 3.80 IR Image with linear gradation curve (a). Contrast enhancement with DDE (strong 
PE) for moderate level (b) and high level (c). 


is no longer directly related to a given temperature. Often, the same color now 
means two or even more different temperatures (e.g., red hues in Figure 3.78). 
Therefore, associated processed color or grayscale images should only be used for 
better qualitative perception and not for quantitative temperature information. 
The latter is, of course, still contained in the raw data and becomes accessible if 
the images are loaded into the software. 


3.5.2 
Advanced Methods of Image Processing 


Thermal-imaging systems with the goal of process visualization and computer- 
based process observation have become increasingly important in many indus- 
trial fields. However, experts guess that so far only 20% of all possible applications 
of industrial image processing are used. As a consequence, developments in the 
field of industrial image processing offer enormous potential for fast and sustained 
growth. 

The enhanced use of image processing became possible owing to the fast de- 
velopment of, first, thermal imaging systems and, second, high-speed multicore 
processors. Twenty years ago, image-processing algorithms on a large number 
of pixels would have lasted several hours or days, whereas today, a full image in- 
spection consisting of the whole visualization and classification process is finished 
within a few seconds. This means nearly real-time visualization, which offers the 
possibility of fast controlling or adjusting online production, for example, using 
robotics. The advantages are obvious, in particular if the visualization is applied 
in real-time quality control of industrial products. 

The most important applications of industrial image processing are the inspec- 
tion of single workpieces, band processes, recognition of characters, patterns, and 
codes, and the 2D or 3D survey of objects [54—59]. The variety of applications em- 
phasizes the universal character of such image-processing software solutions. In 
industrial production processes, reliable and fast tools to minimize errors and pre- 
vent production breaks are essential to ensure high productivity and quality levels. 
This is why more and more industrial branches are investing in automatic process 
visualization systems. Another advantage of such automated image-processing 
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systems is the possibility to collect important process parameters in databases for 
subsequent offline process analysis studies. 

The following section gives only a brief general overview of some procedures 
applied in the processing of IR images for automation processes in industry. Com- 
pared with IR imaging, in this section, they are considered advanced since they 
are usually not included in typical IR image-processing software packages from 
the manufacturers of IR cameras. 

In IR imaging, the basis of every processing model is a thermal image or a se- 
ries of thermal images. Compared to the object scene, any thermal image already 
suffers from a loss of information because of the unavoidable transformation of 
real-world contours into pixels (problem of discretization). A limited number of 
pixels build a matrix of signal values, which is the basis of the subsequent math- 
ematical processing steps. The goal is to extract relevant information like defect 
or pattern identification, such that reliable analysis and classification tools can be 
applied. 

As an example, Figure 3.81 shows typical defects in a glass sheet that are not de- 
tectable in the visible spectrum but clearly seen in the thermal image. The defects 
are visible in the IR image since any defect in a glass sheet will exhibit a slightly dif- 
ferent cooling behavior than the rest of the bulk material, that is, give rise to tem- 
perature differences. In addition, cracks in glass will cause slightly higher emis- 
sivities owing to the cavity effect (Sects. 1.4.4 and 1.4.6). Identifying these defects 
is crucial since they could easily result in product failure, for example, breaking of 
the glass before its guaranteed lifetime is reached. Therefore, in the case of Fig- 
ure 3.81, the IR images are recorded immediately after the last thermal process 
during manufacturing. Obviously, if a large number of glass sheets is produced, 
image-processing algorithms can help analyze images and identify and classify 
such defects in real time. In the case of defect detection, the process operator will 
be notified. Such an automated procedure, hence, constitutes a quality control 
step. 

Advanced image processing for automation or other purposes can be divided 
into three major parts: first, image preprocessing (noise reduction); second, seg- 


(a) (b) 


Figure 3.81 Two possible defects visualized by thermal images: (a) a long break in a glass 
sheet and (b) a couple of hot spots in a glass sheet. (Image courtesy: Fluke Process Instruments 
GmbH, Berlin, Germany; www.flukeprocessinstruments.de.) 
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mentation (locate relevant information); and third, feature extraction and reduc- 
tion. In some cases, feature extraction uses specific pattern recognition tools that 
produce as output false color images with especially marked defect locations. 
These can form the basis for quality control criteria. 


3.5.2.1 Preprocessing 

Perhaps the most important part of any image processing for pattern recognition 
or image classification is preprocessing of the raw data. On the one hand, it is 
necessary to reduce noise and eliminate pixel artifacts in images by applying low- 
pass filters; on the other hand, phenomena like distortion, twisting, scaling, and 
translation can occur in connection with the object geometry. This requires that 
input images be transformed geometrically. 


Noise Reduction 

Noise in IR images is given by random changes in pixel signals caused by single 
pixel noise as well as fixed pattern noise (Chapter 2). The filters used to reduce 
noise are characterized as low-pass filters. The frequency information (low pass 
means low frequency) refers to the spatial frequency of the system. Definitions 
are similar to those used in the treatment of diffraction in optics. Fixed pattern 
noise is characterized by a spatial periodicity referring to the pixel size, which can 
be regarded as analogous to wavelength 4. The quantity 2m/A is referred to as 
the wave vector or spatial frequency. A small A value implies a high spatial fre- 
quency and vice versa. Obviously, the pixel size is the smallest possible spatial 
periodicity in IR images, that is, it resembles the highest possible frequency fx: 
Therefore, fixed pattern noise (as well as single pixel errors) refers to high spatial 
frequencies. Consequently, it may be reduced by applying low-pass filters, which 
suppress high frequencies while at the same time preserving edges and contours. 
The easiest low-pass filters are just averaging pixels with their neighboring pixels, 
for example, each pixel may be computed as the average of its value with that of 
its 8 nearest neighbors (using neighbors at a distance of 1 pixel) or its 24 near- 
est neighbors (using neighbors at distances of up to 2 pixels) etc. Since the corre- 
sponding total filter widths are then either 3 pixels (8 nearest neighbors) or 5 pixels 
(24 neighbors), the corresponding frequencies are only one-third or one-fifth of 
the highest frequency f,,,,- 

The application of such averaging filters is mathematically described by matri- 
ces. Taking into account only nearest neighbors will lead to 3 x 3 matrices, includ- 
ing second-nearest neighbors to 5 x 5 matrices (Figure 3.82). Owing to limitations 
of computational power (easy but CPU-intensive calculations), the maximum fil- 
ter size is usually described by 7 x 7 matrices. For simplicity, we present the prin- 
cipal idea for these and all subsequent filters using 3 x 3 matrices only. 

The averaged pixel signal Ŝ(x, y) is mathematically evaluated by computing the 
trace of the matrix product of the averaging operator 3 x 3 matrix A and the 3 x3 
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Figure 3.82 Section of pixel array of IR 
image. The new value of the signal of the 
center pixel (red) can be calculated by either 
averaging its signal values with its 8 nearest 
neighbors (green, operator: 3 x 3 matrix), 
with 24 neighbors (blue, operator: 5 x 5 
matrix), or 48 neighbors (pink, operator: 

7 X 7 matrix). 


signal matrix centered around the pixel at row x and column y (Eq. (3.31)): 
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(3.31) 


The colored bars denote the scalar product of the corresponding row of A with 
the column of the signal matrix. Since the trace is computed, only the indicated 
three diagonal components of the result matrix are needed. From Eq. (3.31) it is 
obvious that the resulting average value depends critically on the choice of the a;; 
values of matrix A. 

Let us return to noise in IR images. The problem in averaging is the need to 
preserve edges and contours such that no relevant information in the image gets 
lost. Several filters are available, the most commonly used ones being simple box 
filters, Gauss filters, or median filters [55]. Some R&D thermal imaging software, 
for example, FLIR ResearchlR, offer these three different types of filters for noise 
reduction with variable kernel size, for example, 3 x 3 or 5 x 5 pixel. 

As far as preserving edges and image details is concerned, the Gauss filter works 
best, the median filter is second, while less satisfying results are obtained for the 
simple averaging box filter. 
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(a) (b) (0) 


Figure 3.83 Comparison of different low- the Gaussian and median filtering pre- 
pass filters. (a) Original image (raw-data serve the edge. (Image courtesy: Fluke 
image). (b) Image after Gaussian filter- Process Instruments GmbH, Berlin, Ger- 
ing. (c) Image after median filtering. Both many; www.flukeprocessinstruments.de.) 


The simple box averaging filter A,,, and the Gauss filter A gauss are described 
by the matrices (here kernel size of 3 x 3 pixel) 


1 1 1 LZ i 
1 1 
Apoc=5|1 1 1| Ams? 4 2 (3.32) 
111 1 2 1 


According to Eq. (3.31), it is quite easy to interpret the averaging procedure 
from the form of the matrices. The box filter applied to the signal matrix just com- 
putes an average where each of the nine pixels contributes with the same weight. 
In contrast, the center pixel has the largest weight for the Gauss filter, with the 
horizontal and vertical nearest neighbor pixels contributing twice as much as the 
more distant diagonal neighbors. 

The median filter for a 3 x 3 signal matrix centered around pixel (x, y) resem- 
bles a procedure where the nine signal values of the pixels are ordered, and the 
middle value, for a 3 X 3 matrix the fifth value, is defined as a result. Because of 
this procedure, the median value is less sensitive to single value deviations, that 
is, single pixel errors, than the other filters. 

Figure 3.83a depicts the thermal image of a glass sheet with a long break. The 
images after a Gaussian (b) and a median (c) filtering (both of size 7 x 7) are shown 
for comparison. 


3.5.2.2 Geometrical Transformations 

To compare a processed object with a reference object (e.g., manufactured prod- 
ucts), both must have identical geometrical properties (position and orientation). 
But before that, it is appropriate to start with the challenging and exciting part of 
defect detection and image classification. Mathematically, the possible geometric 
variations are described by projective and affine transformations. Affine trans- 
formations consist of a multiplication of the original Cartesian coordinates with 
a 2 X 2 matrix and a vector addition to represent a translation. They can be de- 
scribed by 
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and all affine transformations are special cases of that general equation. The three 
basic affine transformations are 


1. Rotation by a: 
an 42 \ _ ne —sina and te \ _ 0 (3.34) 
Ay, A sinag cosa ty 0 
2. Translation by t: 
1 0 t 0 
44, 412 \ _ and =) (3.35) 
Ay, ay O 1 ty 0 
3. Scaling by s,,s,: 
0 t 0 
“m m)" and ('*) = (3.36) 
A, A 0 sy ty 0 


It is possible to simplify this representation by including the translation within 
a single 3 x 3 matrix operator: 


x! Gy, ay t,\ x 
y |= [41 do ty | fy (3.37) 
1 0 0 1)J\l 


Any change in position or scaling can be constructed by combining these basic 
affine transformations and applying them to every single pixel in the image. 

Problems that can emerge are obvious. An input image with integer pixel co- 
ordinates is transformed by an affine transformation into a result image. After 
transformation back to the input image, noninteger coordinates result. Therefore, 
a loss of information may be caused by the constrained resolution of pixels and the 
affine transformations. For example, Figure 3.84 depicts the discretization and an 
affine transformation of an ellipse. In the transformed output image, the original 
ellipse is scaled, rotated, and translated. 

The transformation can therefore result in a new pixel center position between 
four adjacent pixel centers (Figure 3.85). 

The resulting signal strengths for each pixel are calculated by working in the 
subpixel area. A simple nearest-neighbor algorithm can be applied to calculate 
the closest pixel. The signal of the nearest-neighbor pixel will dominate the signal 
strength of the transformed pixel. A better interpolation results if the new signal 
is calculated from signals of all neighboring pixels weighted according to their 
center distances to the new pixel center (Figure 3.85). 


3.5.2.3 Segmentation 
Typically, the first step after preprocessing is segmentation of the input data, that 
is, searching for ROIs. The main goal is to determine the zones in the image in 


315 


3.5 Processing of IR Images 


¢ 
HEHHEE <f 
A S 
@ LEE ear 


Figure 3.84 Problems caused by an affine transformation. (a) Ellipse with smooth contours. 
(b) Discretized and scaled ellipse. (c) Transformed ellipse (rotation, translation, scaling). 


Figure 3.85 Geometry for calculating signal 
strength of transformed pixels. The lower 
right pixel is the nearest neighbor whose 
signal will dominate. 


which the relevant information is located. There are several possibilities of image 
segmentation like region-growing segmentation, histogram-based segmentation, 
and edge detection. The decision on which type of segmentation procedure must 
be applied depends on the concrete goals of the image-processing procedure. In 
some cases, only a segmentation between foreground and background using a 
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(a) (b) 


Figure 3.86 Segmentation of thermal image: determining ROIs. (a) Original thermal image 
and (b) colored ROI and gray background. 


histogram method is necessary; in others, one may need to locate certain objects 
by edge detection algorithms. 

All pixels classified as belonging to a particular ROI have one or more similar 
properties. In the thermal image depicted in Figure 3.86, for example, there are 
four ROIs (one rectangle, three circles). These objects can be segmented very eas- 
ily from the background using the corresponding histogram and defining a tem- 
perature threshold. Alternatively, ROIs may be defined using edge detection and 
a fill algorithm. 


3.5.2.4 Feature Extraction and Reduction 

Following segmentation, that is, defining the ROIs in the image, the feature ex- 
traction procedure can start. Pixels in the signal matrix that represent noncon- 
tinuous jumps represent existing structures or edges in the image. To emphasize 
these discontinuities with sizes on the order of one pixel, high-pass filtering is 
needed, which is carried out by applying several local pixel operators. 

Most of the different methods used may be grouped into two categories: gra- 
dient and Laplacian. Gradient methods detect edges by looking for extreme val- 
ues (maxima and minima) of the first derivative of the image. In principle, the 
Laplacian method, which searches for positions where the second derivative of 
the image becomes zero, is equivalent. 

The most commonly used local operators of the gradient method are the sim- 
ple difference operator (Figure 3.70), Sobel masks (Eq. (3.38)), and Roberts cross 
operators (Eq. (3.39)): 


-1 -2 -1 -1 O +1 

So” =| 0 0 Oo}, So*~=]-2 0 42 (3.38) 
+1 +2 +1 -1 O +1 
—2 -1 0 0 -1 -2 

R,=]-1 0 41], R=|+1 0 -1 (3.39) 


3.5 Processing of IR Images 


(a) 


Figure 3.87 Application of Sobel masks for edge detection. (a) Original image and (b) gradient 
image of S;j. 


These matrices are applied to pixel areas exactly as discussed earlier. In contrast 
to the averaging matrices, which only contained positive numbers, the gradient 
operators must contain negative numbers, since they resemble derivatives, that 
is, the difference signals of neighboring pixels are calculated. From the structure 
of the matrices it is obvious that the Sobel mask computes the horizontal/vertical 
spatial derivatives, with more emphasis on the direct nearest neighbors in these 
directions. In contrast, the Roberts crosses resemble spatial derivatives in the 
directions of the two diagonals, with greater emphasis on the diagonal nearest 
neighbors. 

As an example, the magnitude of the gradient for a pixel at row i and column j 
is calculated for the Sobel mask according to 


Soj = (so: + (so?,) (3.40) 
where So; j and So? j represent the results when applying the Sobel mask to the 
pixel area centered around image point (i, j). Figure 3.87 depicts the edge detec- 
tion in an IR image using the Sobel masks according to Eq. (3.38) for all pixels of 
the original image. 

Depending on the directional preference of the local operator, certain edges are 
preferentially extracted, while others may not be found. This is, of course, undesir- 
able in some cases. This is why the use of isotropic operators can be advantageous. 
Examples of such isotropic (symmetric in all directions) operators are Laplace fil- 
ters, which are approximations of the second-order derivatives (Eq. (3.41)): 


-1 -1 -1 1 0 1 -1 -2 -1 
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Laplace filters 
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The structure of the three chosen Laplacian operators leads to second deriva- 
tives. This can be seen from the calculation, which leads to the eight differences 
from the center pixel to all of its neighbors. If grouped in four pairs along the four 
major directions (vertical, horizontal, and two diagonals), the two differences for 
each direction have different signs, which means that, again, their difference is 
computed, namely, the second difference or derivative. The three chosen Lapla- 
cian operators L,, Lj, and L, differ in the following properties. L} resembles just 
the average of the second derivatives in all four directions. L, only calculates the 
second derivatives in the diagonal direction, and, again, L, calculates the second 
spatial derivatives in all four directions, however, with twice as much weight of 
the horizontal and vertical nearest neighbors. Both the first- and second-order 
derivative operators are vulnerable to one-pixel disturbances such that a previous 
low-pass filtering is mandatory. 

The most important goal of image processing is to find optimal edge detection 
algorithms. The most popular edge detection procedure is the so-called Canny al- 
gorithm, which claims to combine good detection, good localization, and minimal 
response. This means that as many existing edges as possible should be marked 
exactly at the correct position and independently of noise. In addition, no false 
edges should be detected owing to noise or pixel errors. 

So-called optimal operators, such as the Canny or the Marr—Hildreth opera- 
tors, have a multistep architecture [56]. In the Canny procedure, the image is first 
convoluted with a Gaussian matrix; then Sobel masks are used to extract the ex- 
isting edges. To eliminate nonedge points, a non-maxima-suppression algorithm 
gets started as the third step. In this step, the gradient values and the gradient di- 
rections are evaluated such that pixels that are not local maxima in a3 x 3 neigh- 
borhood and whose gradient direction is not the same as that of the maximum 
get classified as nonedge points. The advantage of this elimination procedure is 
good localization and ideal edges with a width of only one pixel. In the fourth 
step, a so-called hysteresis threshold algorithm can extract these edges directly 
via a contour-following algorithm. Therefore, an upper threshold for the gradi- 
ent matrix of real edge points is set. These pixels build the starting points of the 
contour-following algorithm. All points along the contour above a defined lower 
threshold (mostly between two and three times smaller than the upper threshold) 
are the connecting pixels, which are used to define a complete contour. 

Recently, FLIR Systems patented an image-processing feature using edge ex- 
traction to improve the thermal image quality [60]. Multi Spectral Dynamic Imag- 
ing (MSX®) uses both the IR image with typically submegapixel resolution, as well 
as the visible image with megapixel resolution from a digital camera. From the vis- 
ible image characteristic, contours in the object scene are determined by an edge 
extraction procedure. The IR image is combined with the visible contour image 
using the image fusion procedure in real time. This feature produces extremely 
detail-rich images (Figure 3.88). If the visibility of objects in the IR image alone is 
limited owing to a lack of thermal contrast, the MSX fusion image will produce 
an enhanced representation of this object. This technique is used, for example, in 
smartphone cameras (see earlier discussion). 
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(b) 


Figure 3.88 VIS (a) and IR image (b). Same thermal image using MSX. 


3.5.2.5 Pattern Recognition 

In some applications, the acquired images contain specific patterns or geomet- 
rically parameterizable objects like, for example, straight lines, parabola, circles, 
and so on. In these cases, a coordinate transformation from the original x— y space 
to a so-called Hough space can be applied to extract these patterns. All pixels in 
the gradient matrix (result of feature extraction) with signal values above a cer- 
tain threshold are used for the transformation. The simplest case is to search for 
collinear points or nearly straight lines. 

Every straight line in Cartesian coordinates can be identified as one point in the 
corresponding Hough space. Figure 3.89 depicts the transformation procedure 
for the Hough space associated with linear features. A straight line y = mx + b 
is plotted in Cartesian coordinates, that is, a rectangular (x, y) coordinate sys- 
tem. Within a Hough transformation, such a line is characterized by two other 
parameters (d, a), where d = x, cos(a) + yọ sin(a). The parameter d represents 
the shortest distance between the line and the origin, whose orientation is neces- 
sarily perpendicular to the chosen line. The angle a(—90° < a < 90°) is the angle 
between the x-axis and this shortest-distance line. Angles lying outside the range 
—90° < a < 90° are replaced by a + 180°. 

To understand how the Hough transformation is applied to image analysis, a 
rule must be defined that states how extracted image features are treated. This 
rule and the corresponding procedure are described to give a simple example. 
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Figure 3.89 Principle of Hough transfor- 
y mation from (x, y) coordinates to (d, a) co- 

ordinates. The shortest connection from 

the origin to the line hits the line at point 


(Xo, Yo). 


Each already extracted object image consists of a large number of pixels, that 
is, image points that were found via feature extraction. First, we consider one of 
these, a single point P, in the Cartesian object space. This point is transformed 
into a whole series of points in Hough space by first drawing an arbitrary line 
through P. This line refers to a well-defined point in Hough space. Second, we 
let the chosen line start to rotate with the rotation axis through P. This obviously 
defines a large number of lines in Cartesian space and, hence, also a large number 
of transformed points in Hough space. This means that each image pixel refers to 
a very large number of points in Hough space. Third, a second pixel point Q in the 
image is chosen, and again, all possible different lines through Q are transformed 
into Hough space. This procedure is repeated for each pixel, which was previously 
defined as a ROI in feature extraction. If the number of image points is large, an 
even much larger number of points result in Hough space. 

The usefulness of Hough space becomes obvious if we consider, for example, 
a line defect found by a feature extraction algorithm. Arbitrarily distributed im- 
age points in the IR image would result in a distribution of points in Hough space 
that is quite homogeneous. If, however, pixels along a line in the image are trans- 
formed, each of the line pixels will also contribute to the same spot in Hough space 
since each pixel will contribute a line that is parallel to the image line. As a result, 
this line will lead to an accumulation point in Hough space. 

Consequently, if all image pixels of extracted features are used for the trans- 
formation, one only needs to look for accumulation points. These define the line 
feature unequivocally according to the definition of Hough space (Figure 3.89). 
Therefore, a simple algorithm is applied to the problem: after all points of ex- 
tracted features are transformed, the maxima, that is, accumulation points in 
Hough space, are rated via a threshold. Positively rated points are transformed 
back to visualize the problem areas of the extracted features. 

Figure 3.90 shows an example to visualize the procedure with three straight 
lines that were defined as extracted ROIs. All image points along these lines were 
used to plot points in Hough space. Obviously, three accumulation points were 
found, which, as expected, resemble the three chosen lines. 

Another advantage of such a representation is the independence of the algo- 
rithm with respect to noncontinuous structures that are mostly found in the ac- 
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Figure 3.90 Hough transformation for three straight lines. (a) Straight lines in Cartesian coor- 
dinates and (b) corresponding accumulation points in Hough space. 


y a 


A 


Figure 3.91 Hough transformation of a break in a glass sheet. 


quired images. If, for example, only fragments of a line are detected in the IR im- 
age, they still lead to an accumulation point in Hough space. 

Figure 3.91 depicts an application of the Hough transformation to the break in 
a glass sheet shown in Figure 3.81a. 

The speed of calculation decreases with the dimension of the Hough space. The 
easiest 2D Hough space refers to linear features. If a search for objects that can be 
represented by circles is performed, one needs a 3D Hough space (the two center 
coordinates + the radius), and for an ellipse search one needs a 5D Hough space. In 
practice, these higher-dimensional Hough calculations are not used because of a 
lack of speed as a consequence of the higher number of dimensions. Several other, 
more advanced, methods, such as the generalized Hough transformation [61] or 
template matrices [62], can treat other structures and problems as well. 


3.5.2.6 Deblurring of Infrared Images 

A large number of advanced mathematical methods of signal processing have 
been developed to improve information extraction from images [54, 56, 58, 63]. 
One specific method, so-called image restoration, was developed to reconstruct 
images that, for several reasons, may have been changed from their original ap- 
pearance. One of the most important image restoration methods is motion de- 
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blurring of images [64]. Motion blur is a well-known phenomenon in photogra- 
phy if objects within a scene move during the exposure time of the camera. This 
phenomenon is often seen in night shot images that use long exposure times, but 
it is also present in all situations where the exposure times are longer than the 
time it takes object images to move across several pixels in the detector array. 

Motion blur therefore can also occur in thermal imaging of transient processes 
caused by moving objects. In commercial applications, mostly bolometer cameras 
are used. Owing to large detector time constants of about 10 ms in bolometer 
cameras, motion blur already occurs for quite low object or scene speeds (Sec- 
tion 2.5.5). Blur within IR images (Figure 2.104) is accompanied by an incorrect 
temperature measurement (Figure 2.105). This limits the applicability of quan- 
titative thermal imaging with uncooled and inexpensive bolometer cameras for 
industrial process control. 

Motion deblurring image processing can still help to extract the correct quan- 
titative information from IR images by eliminating the influence of the bolometer 
detector properties upon recording and restoring original image information. 

Quantitative recovery of an original, deblurred, that is, sharp, image requires a 
precise model of the blurring process. Mathematically the motion-blurred image 
represents a convolution of the deblurred image, f, and a distortion operator, h, 
producing the motion blur. 

The distortion operator h is represented by the point spread function (PSF), 
which describes the response of the imaging system to a point source or point 
object. This means that the camera image of a moving point object corresponds 
to the PSF. The convolution result is often represented by 


g=hef (3.42) 


which represents the convolution integral 


£ 
g(t) = | h(t) f(t — tr) dr (3.43) 
0 


Figure 3.92 visualizes the convolution procedure. The relative movement of the 
PSF versus f as a function of time results in integral values (shaded areas) that 
define the convolution integral. For example, if f and h both represent rectan- 
gles, the convolution integral resembles a triangular, or as here trapezoid shape. 
In practice both shapes are more complicated, typically resulting in more com- 
plexly shaped convolution functions. 

Because motion-blurred images represent convolutions, one needs to apply a 
deconvolution algorithm to remove the blur. In general, deconvolution is the pro- 
cess used to reverse the effects of convolution on recorded image data. This can 
usually be performed by, firstly, computing the Fourier transforms G and H of 
the recorded signal g and the transfer function h. Secondly, the deconvolution 
requires to calculate the Fourier transform of the unblurred image F by 


F= = (3.44) 
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Figure 3.92 Visual representation of a con- 
h | | volution integral (see text for details). 


Third, the inverse Fourier transform of F is calculated to find the desired decon- 
voluted original signal f. Let us apply this procedure to the motion-image blur of 
a falling ball in IR images recorded with bolometer cameras. 

Bolometers are characterized by their thermal time constant 1, as discussed in 
Section 2.2.3. The time constant causes an exponential behavior of the normalized 
timescale PSF(t): 


PSE) = h(t) = te: (3.45) 
T 
This PSF as a function of time can be converted into the spatial PSF as a function 
of pixels in the IR image considering the object speed v and image resolution Res 
given by pixels per length in the object scene: 


PSE(pixel) = h(pixel) = — $ epixel/(rv-Res) (3.46) 
T- v- Res 
The PSF is determined by the time constant of the detector signal generation in 
the bolometer. Therefore, strictly speaking, the PSF can only be applied to de- 
blur detector (or object) signal images and not the corresponding temperature 
images (the relation between object temperature and detector signal is nonlin- 
ear — Section 2.4.5 — so the PSF to be used for temperature images would differ 
from the one in Eq. (3.46)). As a consequence, the IR image deblurring is usually 
done for the detector (object) signal images. Later on, the deblurred signal image 
can be transformed into the temperature image using a calibration curve. Only 
for small temperature differences in the object scene is it possible to linearize the 
calibration curve between detector signal and object temperature. In these cases 
the temperature images can be directly restored using the PSF given in Eq. (3.46). 
For all the following examples this assumption of sufficiently small temperature 
differences is valid and the deconvolution procedure based on Eq. (3.46) is applied. 
The free-falling ball from Section 2.5.5 will now be used to illustrate, first, the 
motion blur in IR images and, second, the respective deblurring procedure. For 
simplicity, we consider only 1D motion along the line as shown in Figure 2.106a. 
Figure 3.93 depicts the result of the convolution calculation for the falling ball 
in Figure 2.106a. The calculated blur of the ball image along the vertical line leads 
to a temperature profile that is in perfect agreement with the recorded image. 
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Figure 3.93 Motion blurring for falling ball shown in Figure 2.106a along line. (a) Red dot- 
ted line: convolution calculation result with PSF (pixel) from Eq. (3.46) (T = 10 ms, resolution 
227 pixels/m, Vp = 4-27 m/s); blue line: measurement result. (b) IR image (Figure 2.106). 


The deblurring algorithm for different kinds of object motions has been applied 
to various thermal images [65, 66]. One of the test objects was the small falling 
ball. Figure 3.94a depicts an IR image of a falling heated ball at a speed of about 
1 m/s with the expected motion blur. Figure 3.94b depicts the corresponding mea- 
sured temperature profile due to the image blur, similar to Figure 3.93a. The final 
deconvolution result using the exponential PSF with a 10 ms time constant of the 
bolometer detectors is shown in Figure 3.94c. 

It nicely demonstrates that the circular ball shape can indeed be restored in the 
IR image. However, the deconvolution result in Figure 3.94c also indicates a typ- 
ical problem in image restoration: restored images become noisy. Unfortunately, 
it is in practice not possible to recover the true image exactly owing to fluctua- 
tions or noise in the image recording process. This means that in any real case 
Eq. (3.42) needs to be modified by some noise contribution n generated during 
image acquisition: 


g=h@ftn (3.47) 
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Figure 3.94 (a) Bolometer camera im- background temperature. (c) Restored image 
age of a falling ball at a speed of about after deconvolution using exponential PSF 
1 m/s and a camera spatial resolution of with t = 10 ms; see Eq. (3.46). (Image cour- 
288 pixels /130 mm. (b) Measured temper- tesy: B. Oswald-Tranta, University of Leoben, 
ature caused by falling ball with respect to Austria.). 


For images recorded with microbolometer cameras it was shown that neglecting 
the noise in the deconvolution procedure will increase the noise after deblurring 
dramatically [65, 66] (Figure 3.95a). The original rectangular shaped signal whose 
blurred version is represented by a saw toothlike shape can be restored to its rect- 
angular shape, however, with a very high noise level, as indicated by the amount 
of fluctuations. 

Obviously, it is necessary to improve the restored images with respect to noise. 
Noise reduction in the deconvolution procedure can be done by applying special 
filters, like a Wiener filter [67]. The Wiener filter is alow-pass filter and suppresses 
the high-frequency noise amplified in the deconvolution [64, 65]. As discussed in 
Section 3.5.2.1, the problem of filtering is the need to preserve object edges and 
contours. With stronger filtering the noise can be efficiently suppressed, but the 
loss of high-frequency components will soften object edges and change object 
contours, as depicted in Figure 3.96. 

The spatial smearing-out is associated with a decrease in object signal, which 
as a consequence also leads to a temperature measurement error. This problem 
increases with decreasing object size. 

Motion deblurring of IR images is not limited to vertical or horizontal object 
motion along the image axes. Effective restoration can also be successfully applied 
to any arbitrary motion direction or rotational movements. Figure 3.97 [65, 66] 
presents an example of two balls rotating around the same center. The different 
image blurs of the two balls are corrected for in the reconstructed images, which 
nicely show the restored shape as well as quantitative original temperatures. 

Figure 3.98 shows another successful example of blurred image reconstruction 
in automatic crack detection and failure classification of metal castings by ther- 
mographic inspection during induction heating [66]. The workpieces are falling 
through an induction coil and are heated by induced eddy currents. 
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Figure 3.95 Deblurring of normalized sig- using Eq. (3.44). (b) Suppression of noise using 
nal of falling ball along pixel line with PSF a Wiener filter in deblurring procedure. (Im- 


according to Eq. (3.46) [65]. (a) Strong noise age courtesy: B. Oswald-Tranta, University of 
amplification caused by deblurring procedure Leoben, Austria.). 


The presented discussion of motion blur of IR images and their successful de- 
blurring worked well as idealized conditions could be assumed. All objects inves- 
tigated were perfectly separated from the background due to a significant higher 
object temperature, their speed was assumed to be known and it was compara- 
tively small. If these assumptions are no longer valid, the deblurring problem be- 
comes more complex. Whenever the object background or other objects at rest 
must also be considered, the PSF is no longer spatially invariant. Only the moving 
object is blurred but neither the background nor other objects at rest. Therefore, 
in this case, one must separate the moving object from the background first be- 
fore starting the deconvolution. To conclude: motion deblurring can in principle 
be used to successfully restore IR images recorded with microbolometer cameras, 
but there are applicability limits for this method. 
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(a) (b) 


Figure 3.96 Restoration of falling-ball image 
from Figure 3.94a. (a) Direct deconvolution 
result without additional filter (original object 
contour and correct temperature measure- 
ment but strong noise). (b) Deconvolution 


(c) 


weak smearing of object contours). (c) De- 
convolution with strong Wiener filter (perfect 
noise reduction, larger smearing, that is, loss 
of object contours and temperature measure- 
ment accuracy). (Image courtesy: B. Oswald- 


result with weak Wiener filter (noise reduction, Tranta, University of Leoben, Austria.) 


(a) 


Figure 3.97 Motion deblurring of two ro- 
tating balls at the same ball temperature. 

(a) Original image (right ball with larger dis- 
tance from center of rotation, that is, higher 
speed, higher blurring, and higher tempera- 
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(b) 


ture measurement error) may indicate rota- 
tion direction. (b) Restored image (both balls 
with circular contour, shown at same tem- 
perature). (Image courtesy: B. Oswald-Tranta, 
University of Leoben, Austria.). 


In most IR imaging applications, the investigation is done passively, that is, the 
camera observes a scene and detects the thermal radiation emitted from objects. 
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(c) 


Figure 3.98 IR images of falling castings with cracks (hot spots). (a,c) Blurred original images. 
(b,d) Corresponding restored images. (Image courtesy: B. Oswald-Tranta, University of Leoben, 
Austria.) 


Because of the thermal radiation from the surroundings, a thermal contrast in 
an image is observed only if temperatures differ from the ambient temperature. 
The method is called passive since the existing temperature distribution of the 
object scene is analyzed without imposing an additional heat flow to the object. 
This means that the observed temperature patterns are due solely to existing tem- 
perature differences. These often lead to nearly dynamic equilibrium conditions, 
that is, object surface temperatures do not change as a function of time (at least 
not very much). A typical example is a building inspection, where temperature 
differences are due to heating from inside while the outer walls are cooled by the 
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surrounding air. Such passively recorded images may visualize the inner structural 
details of a building. A typical example is a half-timbered house (Section 7.2.1). 
The surface temperature differences measured by thermal imaging are caused by 
a spatial variation of the heat flow due to different thermal properties of the ma- 
terials or constructions (Chapter 4). 

Unfortunately, there are often situations where no natural temperature differ- 
ences are present or, if they are present, may not be sufficiently large, or envelopes 
of objects may be too thick for an identification of structural elements below the 
surface. If one still wants to have a look beneath the surface, that is, detect struc- 
tural details below the surface, active methods are needed. 

They are based on the heating (in principle, cooling is also possible) of the sur- 
faces to be investigated. These processes provide a nonstationary temperature 
gradient inside the structure being tested, which affects the observable surface 
temperature distributions. 

Therefore, active thermography can also be treated as non-steady-state, nonequi- 
librium, or dynamic thermography. The surface temperatures of the sample are 
monitored as a function of time and the transient heat flow generated through the 
sample subsurface will cause transient anomalies in the surface temperature dis- 
tribution. Figure 3.99 gives a brief overview of active thermal imaging techniques. 
A sample is heated by the absorption of radiation (as shown), electrical heating 
(current flowing through specimen), eddy currents, or, for example, ultrasound. 
The energy transfer to the sample can be either continuous, in a modulated con- 
tinuous form (e.g., harmonic), or via pulses (rectangular or other shaped pulses). 
Detection of the heat transfer within the sample — which is affected by internal de- 
fects/structures — is done by measuring surface temperatures either in reflection 
or in transmission as a function of time. Neglecting the trivial cases of continuous 
heating or step heating, the most important methods of active thermal imaging 
are pulse thermography and lock-in thermography. They are applied widely in 
many different fields such as inspection of aircraft, solar panels, or objects made 
from composite materials with carbon or glass fiber structures and many more. 


Control 
unit 


Figure 3.99 Schematic setup for active atures are measured using IR cameras as a 
thermography techniques. A sample with function of time. They are affected by struc- 
an internal structure is heated, for example, tures/intrusions/anomalies within the sample. 


by absorbing visible light. Surface temper- 
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The idea of nondestructive testing using transient temperature behavior has a 
long history and predates the development of the first thermal imagers. In the 
1960s, a lot of laboratory work was done on the detection of transient surface 
temperature of objects. Temperature-sensitive colors, point-measuring sensors, 
and other instrumentation were used. All these methods were, however, severely 
limited by low temperature sensitivity and slow response times. For more detailed 
historical perspectives see [68]. The late 1970s mark the beginning of successful 
developments of both lock-in and pulse thermography methods [69, 70]. With 
the increasing use of thermal imaging systems and new heating methods, as well 
as electronic and computer technology in recent decades, these two methods be- 
came well established in the general field of nondestructive testing (NDT) [71]. 

This field is so broad that only a very brief overview of the fundamentals of 
transient heat transfer and active thermographic methods can be given here. For 
more detailed information about these methods, one should refer to the refer- 
ences [72, 73]. A large number of papers on the application of active thermogra- 
phy in NDT are available at the NDT database [74]. 

Active thermography methods are based on transient heat transfer in solids. 
The aim of all methods is to detect, locate, and characterize buried material dis- 
continuities in solids [71, 75-80]. The correct quantitative description of 3D tran- 
sient heat transfer in such systems is a very complex problem. The simulation of 
transient heat transfer in active thermography requires the prediction of the 3D 
temperature distribution using the 3D heat conduction differential equation for 
anisotropic thermal material behavior (e.g., for composites). A simplification of 
heat transfer using 1D or 2D models will only give rough estimates or qualita- 
tive information on the temperature distribution [71, 72] and will make the inter- 
pretation of the measurement result difficult. Nowadays, finite-element methods 
(FEMs) are the most promising tools for 3D heat transfer modeling if the experi- 
mental conditions are considered correctly [81]. A description of these methods 
is beyond the scope of this section. Here, we discuss first the relevant material 
parameters, which will help to understand whether a material discontinuity may 
be detectable with active techniques. Second, the simplest method, pulse ther- 
mography, is discussed briefly, along with some examples that demonstrate the 
sensitivity of the method. Third, the basics of lock-in thermography are presented 
with some applications to aircraft inspection. Finally, pulse phase thermography, 
which is simple to perform but complex in connection with data analysis, is briefly 
discussed. 


3.6.1 
Transient Heat Transfer - Thermal Wave Description 


Transient heat transport in a solid body is characterized by two dynamic quanti- 
ties. These are the thermal diffusivity a qig and the thermal effusivity e.g. Whereas 
the first describes how fast thermal energy diffuses through a material, the sec- 
ond represents some kind of thermal inertia. (In many publications, effusivity is 
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simply denoted by e; here we rather use e.g to distinguish it from Euler’s number 
e=2.718...). 

As also discussed in Section 4.4, the thermal diffusivity a gig is the ratio of the 
thermal conductivity À to the volumetric heat capacity (ie., the product of specific 
heat capacity and density): 


À 


A (3.48) 
Pcp 


Adif = 

Please note that À uses the same Greek symbol that is usually reserved for wave- 
length. Rather than introducing additional subindices, which would unnecessarily 
complicate the notation, in particular when a distinction between thermal con- 
ductivities for different materials (indicated by subindices) will be made later, we 
stay with the same symbol since the context of the respective equations will usu- 
ally make it absolutely clear which quantity — wavelength or thermal conductiv- 
ity — is meant. 

The thermal diffusivity is a measure of the rate of thermal energy diffusion 
through a material. The diffusion rate will increase with the ability to conduct heat 
and decrease with the amount of thermal energy needed to increase the temper- 
ature. Large diffusivity values mean that objects respond fast to changes in ther- 
mal conditions. Therefore, this quantity governs the timescale of heat transfer 
into materials. If a material has voids or pores in its structure, then the thermal 
conductivity and density decrease, which means the thermal diffusivity changes. 
Asa result, the heat transfer within the material is affected, leading to observable 
changes in surface temperatures in the vicinity of the defects. 

The thermal effusivity, e.g, is defined as the square root of the product of the 
thermal conductivity and the volumetric heat capacity: 


Cog = /APC, (3.49) 


This quantity is often referred to as thermal inertia. If the response of a heat in- 
put is analyzed, the effusivity will represent the ability of the material to increase 
its temperature according to T ~ 1/e,,. Therefore, this quantity will govern how 
much the temperature of an object changes owing to the input of thermal energy. 
Again, if a defect below a surface has a different temperature than its surround- 
ings, this will affect the observed surface temperatures. 

The effusivity also has another effect on heat transfer within a material. Con- 
sidering a thermal contact between two materials with different effusivities e.¢, 
and e.z one often characterizes the thermal behavior by the thermal mismatch 
factor I: 

eeff,1 ~ eeff,2 


T= ——— (3.50) 
Col + eeff,2 


I = 0, that is, equal effusivities, implies that there is no thermal mismatch (the 
interface of the two materials cannot be detected by a temperature measurement 
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at the surface). For a perfect thermally conducting first material, l' = 1, and, fora 
perfect thermally insulating material, l = —1. 

If the transient thermal behavior of a composite material is analyzed, the ther- 
mal mismatch factor will describe the change in thermal transit time compared 
to a homogeneous material. In this regard, the effusivity behaves similar to, for 
example, the index of refraction in optics when describing the reflection of opti- 
cal waves being incident on the interface between two media. An optical interface 
cannot be detected if the two indices of refraction are identical. In this case, the 
wave just passes the interface undisturbed without changing its speed. In an even 
more general scheme, any wave is characterized by wave resistance or impedance, 
which depends on the material properties. If the wave hits an interface with an- 
other material, reflections can be observed only if there is a change in impedance. 

As a matter of fact, one also often uses the concept of thermal waves in active 
thermography, in particular if periodical heating processes are described, for ex- 
ample, in lock-in thermography [71]. 

It can be shown that the Fourier equation, assuming harmonic object heating at 
the surface provides a harmonic temperature field within the object with the same 
frequency but different amplitude and phase. Therefore, the concept of thermal 
waves, which can be described by the theory of wave physics, can be introduced. 
The main characteristic of thermal waves is the strong decay as a function of depth 
in the object. This decay can be characterized by the thermal diffusion length, 
which resembles a thermal penetration depth: 


= , | Mitt 
b= (3.51) 


The thermal diffusion length depends on the thermal diffusivity agi and the 
frequency f of the thermal wave (or heat stimulation). This expresses the fact 
that low-frequency thermal waves will penetrate deeper into a material than high- 
frequency waves. The penetration depth will increase with increasing diffusivity. 
A first idea of possible depth ranges can be obtained from y. Consider, for exam- 
ple, the outer skin of aircraft constructions, which is made of a few millimeters 
of aluminum and below some carbon fiber composite materials. Aluminum has a 
diffusivity of around 1074 m? s~1, which, for a frequency of 10 Hz, would result in 
a a value of about 1.8mm. Since ~ corresponds to a depth where the signal has 
decreased exponentially to a value of e~! = 0.368, it seems reasonable to assume 
that thermal signatures may be detectable at depths of several millimeters. 

As discussed previously, compared to light waves, thermal waves are reflected 
at boundaries of materials only if the materials have different effusivities. If we 
look at the boundary between a solid and a gas, the effusivity of the solid is much 
higher than the effusivity of the gas. Applying Eq. (3.50) we will get F = 1 and 
the solid behaves as a thermal wave mirror for the gas—solid interface [71]. As 
a result, any reflection from internal boundaries will lead to changes in thermal 
wave propagation in the object, which will in turn cause changes of observable 
surface temperature distributions. 
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In summary, thermal waves exhibit all wave phenomena such as reflection, re- 
fraction, and interference. The propagation of thermal waves in inhomogeneous 
solids will be affected by these phenomena and will result in a well-defined time- 
dependent surface temperature distribution that can be analyzed by transient 
temperature measurements. 


3.6.2 
Pulse Thermography 


Pulse thermography is one of the most popular methods in active thermography 
because it is extremely easy to carry out. The setup just requires the possibility of 
pulsed heating, for example, a system of flash lamps and time-dependent record- 
ing with an IR camera. The data analysis consists of analyzing IR images of the 
object as a function of time and thereby detecting surface temperature changes 
induced by subsurface structures. The only severe drawback is the limited spa- 
tial resolution with regard to depth on the one hand and lateral resolution on the 
other. 

The experimental setup of pulse thermography was already shown in Fig- 
ure 3.99. Short pulses are applied that last from a few milliseconds for high- 
conductivity material inspection such as metals to a few seconds for low-con- 
ductivity specimens such as plastics and graphite epoxy laminates [71]. Although 
appreciable heating powers are applied, the brief duration of the heating usu- 
ally only leads to temperature rises of a few degrees above the initial component 
temperature, which prevents any thermally induced damage to the component. 

Figures 3.100 and 3.101 depict two different situations for possible pulse ther- 
mography inspections. Figure 3.100 shows an object material that has three holes 
of different diameters and depths drilled from the bottom of the sample. The sam- 
ple is heated with a pulse from the bottom. Thermal diffusion in the material can 
proceed faster in the region of the deepest holes, since heat must then only diffuse 
through a thin layer of object material before reaching the top surface. Therefore, 
the observable top surface temperatures are increased with respect to neighbor- 
ing parts of the surface. This temperature difference will evolve as a function of 
time, the absolute values depending on the thermal diffusivity and effusivity of the 
material. Figure 3.100 depicts the situation schematically. Owing to the thermal 
diffusion, a lateral spreading takes place, and the hole with a smaller diameter will 
have a less pronounced thermal signature than the hole with a larger diameter 
but the same depth. Similarly, comparing the two holes with equal diameters but 
different depths, the temperature difference is smaller for the hole of lower depth. 
The various holes of different depths and diameters will also show up with the 
best thermal contrast at different times during such an experiment. 

Figure 3.101 shows a second example. A solid material 1 (gray object) charac- 
terized by thermal diffusivity 44i 1» conductivity 1,, and effusivity e,¢,, and so on 
has a subsurface structure of material 2 (black object), characterized by different 
values of thermal diffusivity a i¢5, conductivity 15, and effusivity e.g. Heat flow 
is induced by a thermal rectangular pulse from the bottom. If the effusivity eeg2 
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(a) Rectangular pulse of thermal energy 


Figure 3.100 (a) Scheme of pulse thermogra- from the opposite side (b). Owing to better 
phy experiment with test structure composed heat transfer through the thinner regions of 
of material containing holes of given diameter the object, temperature anomalies appear, 
and depth. The structure is illuminated from which depend on the ratio of thickness below 
the bottom, and temperatures are analyzed the surface to the diameter of the structure. 


Figure 3.101 Scheme of pulse thermography experiment with test structure composed of 
material with embedded second material of different thermal properties. Observable surface 
temperature differences depend on thermal material properties of object and intrusion. 


of the substructure is much lower than that of material 1, the heat flow will try to 
at least partially bypass the obstacle, that is, it will be lower behind the substruc- 
ture. At the same time, blocking of heat flow by the obstacle (visualized by the 
curved arrows) leads to lower heat flow from the surface to the inside of the ma- 
terial. As a consequence, the surface temperatures at the bottom of the thermal 
energy input will decrease more slowly in the region of the intrusion, that is, the 
temperature profile across the structure will lead to a temperature rise above the 
region of intrusion. In contrast, the corresponding heat flow is lower on the op- 
posite side, giving rise to a lower temperature with regard to adjacent parts of the 
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object. Depending on the distance of the obstacle from the two surfaces, the tem- 
perature profiles will differ: the one at a greater distance will be shallower owing 
to lateral spreading by thermal diffusion within the material. In case the intrusion 
is of a material with much higher effusivity than the surrounding material, the 
corresponding temperature profiles from front and back would be inverted. If the 
distances d, and d, from the intrusion to object surfaces are different, then, on 
the one hand, the temperature profile for the larger distance will be more smeared 
out laterally due to the diffusion and, on the other hand, its thermal contrast will 
be lower. 

A more quantitative analysis reveals [71] that the time to observe the maximum 
thermal contrast of an intrusion in depth z is proportional to z”, that is, tops ~ 
z*/daig, While at the same time, the thermal contrast C, decreases because of 
lateral spreading of the thermal energy (C,, ~ 1/z*). Deeper discontinuities will be 
observed later and with a reduced contrast. As a result, deep embedded structures 
usually appear very shallow with very poor thermal contrast. Overall, the size and 
depth of observable discontinuities are restricted. In isotropic media, the smallest 
detectable discontinuity should have a diameter of at least two times its depth 
below the surface. For anisotropic media, this restriction can even amount to a 
factor of 10. The criterion for still observing a structure is that the corresponding 
laterally induced observable surface temperature change AT is larger than the 
NETD of the camera. 

Figure 3.102a illustrates a typical experimental arrangement for observation in 
reflection or in transmission. Which approach is chosen depends on whether both 
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Figure 3.102 Principal and experimental arrangement of pulse thermography (a) and data 
acquisition/analysis (b,c). Images are recorded at time intervals At (b) and temperature plots of 
single pixels as functions of time (c) show a thermal contrast due to anomalies. 
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sides are accessible for recording and, if so, where the substructure is located. It 
can be better detected from the side where the depth below the surface is smaller. 

A square pulse of thermal energy, in this case visible light from flash lamps, is 
incident on the sample. For example, total thermal energies of 10—15 kJ are typical 
for pulse widths of 0.2 s. Figure 3.102b schematically depicts a time series of IR im- 
ages recorded from the side of the illumination. The frames are separated by time 
intervals At. In each frame, the temperature decrease of two selected pixels are 
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Figure 3.103 Flat-bottom holes of different 
depths in solid laminate composite. (a) VIS 
image from backside. (b) Temperature evolu- 
tion (thermal pulse at t = 0). (c) Temperature 
contrasts between hole area and homoge- 
neous part of sample. (d) False color represen- 


tation of IR image at t = 0.4 s. (e) IR image at 

t = 0.033 s. (f) IR image at t = 0.050 s. (g) IR im- 
age at t = 0.067 s. (h) IR image at t = 0.400s. 
(Image courtesy: National Research Council 
Canada, NRC Aerospace.). 
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indicated (different colors refer to different temperatures). The time dependence 
of the temperatures of these two pixels is schematically plotted in Figure 3.102c. 
The temperature at the surface drops after the initial pulse since the thermal en- 
ergy diffuses into the material. In the example, the two chosen pixels differ in their 
transient behavior, one resembling the undisturbed material, the other a position 
with a subsurface structure that blocks heat flow, thereby leading to a higher sur- 
face temperature than in the other pixel. The lateral spreading of the thermal en- 
ergy pulse is visualized by the top spot in the IR frame sequence (Figure 3.102b). It 
can be thought of as resembling a point source heating at the chosen given pixel. 
The corresponding spatially localized initial high temperature spreads out owing 
to thermal diffusion. 

Figure 3.103 depicts a measurement result, recorded with a test structure simi- 
lar to that in Figure 3.100. A solid laminate composite test object with three rows 
of flat-bottom holes of different diameters was investigated. The diameter of the 
holes increased from top to bottom and the depth of the holes increased from left 
to right. After pulsed excitation, IR images were recorded from the back side as a 
function of time. As expected, the deep holes were already clearly visible within 
short times after excitation. With increasing time, from panels e to h, holes with 
smaller depths also appear, but the structures are more blurred because of the 
lateral heat diffusion. Comparing the holes with different diameters but the same 
depths, it is also obvious — as expected — that the smaller the hole, the more it 
gets spread out laterally. This can be seen best, for example, for the third struc- 
ture from the right in the top row. At short times, it is not visible. Then it starts 
to show up with good contrast and a rather sharp edge before beginning to get 
blurred edges and lower thermal contrast for long times. 

Figure 3.104 shows an example of a practical application. Here, pulse thermog- 
raphy was used to detect impact damage in a solid laminate. 


3.6.3 
Lock-in Thermography 


Lock-in thermography [71, 72] is very similar to pulse thermography in terms of 
the setup; however, the pulsed thermal excitation is replaced by a sinusoidal input 
of thermal energy (Figure 3.105). This is most easily brought about by illuminat- 
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Figure 3.104 Impact damage of solid lam- 
inate. (Image courtesy: National Research 
Council Canada, NRC Aerospace.) 
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ing an extended sample using a modulated lamp. This periodic, to be specific har- 
monic, heating input leads to a similar transient harmonic variation of the surface 
temperature of the object. As mentioned in Section 2.4.1, harmonic heating at the 
surface also leads to harmonic temperature variations at given depths within the 
object, although with a strongly attenuated amplitude as a function of depth, de- 
scribed by the thermal diffusion length y (Eq. (3.51)). 

Let us assume thermal excitation using light absorption from a modulated light 
source. The harmonically varying input energy is partially absorbed, leading to 
a strong temperature increase of the surface during the maximum of the input 
energy. While the excitation energy drops and passes through a minimum, the 
surface temperature drops too, because the initially absorbed energy diffuses into 
the interior of the object. After another half period of excitation, the surface is 
again heated by maximum input of thermal energy, and so forth. As a result, the 
harmonic input will lead to a harmonically varying surface temperature distribu- 
tion. Since the diffusion of thermal energy into the solid is taking place at the same 
time, one can also observe harmonic variation of temperature at certain depths 
of the object as a function of observation time. The observed surface temperature 
variation may be shifted by a phase angle with respect to the exciting light source 
owing to thermal inertia of the object. If the object is homogeneous, the phase 
shift will be similar for all observed surface pixels that were recorded with the IR 
camera. If, however, there is an intrusion or a thermal anomaly below the sur- 
face of the object, the thermal behavior changes. Either lower or higher heat flow 
due to the intrusion will manifest itself in a change of the phase of the observable 
surface temperature above the intrusion. Thus, any defect or structure within an 
object may lead to observable changes, here, predominantly an additional phase 
shift of the surface temperature with respect to the excitation. The analysis of the 
recorded images is therefore straightforward. One must record surface tempera- 
tures as a function of time for each pixel (x, y) and evaluate changes in the phase 
shift compared to a reference signal. Usually, it is sufficient to study a harmonic 


Figure 3.105 Setup for lock-in thermography: trasound, microwaves, and so on. The camera 
a sample is heated harmonically (sinusoidal analyzes the spatial temperature distribution 
excitation) as a function of time, for example, as a function of time by recording thermal 

by modulated illumination, eddy currents, ul- images. 
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function by recording at least four data points per complete cycle (Figure 3.106), 
that is, the frame rate must be chosen according to the predefined frequency of 
excitation. 

Consider four well-defined points, P,(¢,), P(t), P(t), and P,(t,), of the mod- 
ulated excitation, where ¢, corresponds to a zero crossing of the excitation signal. 
These points define the times at which the temperature signal is analyzed, that is, 
the surface temperatures T,(¢,), T(t»), T3(t3), and T,(t,) within one cycle. Usu- 
ally, the signal is shifted by a phase angle difference Ag with respect to excitation. 

If the temperature signal is given by an average value and a modulation, that 
is, T(t) = T,, + S(t), then one may construct two different resulting signals, an 
amplitude signal A(x, y) anda phase signal ¢(«, y), for each pixel (x, y) according 
to 


A(x, Y) = 4/[S,(%, y) — S3(x, VIP + IS, y) S, y)? (3.52) 


g(x, y) = arctan we (3.53) 
S(x, y) — Sal, y) 

The average temperatures cancel each other out because of the differences, that 
is, these signal functions depend only on the harmonically induced temperature 
differences. If the signals remained constant, the amplitude signal would be zero. 
A maximum amplitude signal results from a harmonic variation of temperature, 
that is, S(t) = AT max Sin(wt + ø), where the excitation varies as sin(wt). In this 
case, the amplitude signal would give 2A T maw that is, the maximum temperature 
variation of the harmonic signal. The phase from Eq. (3.53), on the other hand, 
directly reflects the phase change between excitation and harmonic signal, as can 
be seen by calculating the signal differences and assuming that each of the various 
signals is separated from the next signal by 90°. 

The amplitude signal depends on the sum of the squared temperature differ- 
ences, whereas the phase signal only relates to the ratio of the respective temper- 
ature differences. Any local variations in illumination, absorption, or emissivity 


Modulated 
input 


P2 


Figure 3.106 Measurement principle: the 
signal (surface temperature) varies harmoni- 
cally but is shifted with respect to the excita- 
tion owing to the modulated input. 
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(i.e., higher or lower temperature differences between different pixels) will cancel 
out in the phase but show up in the amplitude signal. Therefore, one usually uses 
the phase signal, which is more sensitive to buried defects than the amplitude sig- 
nal. It can be used to investigate a depth range of about twice the thermal diffusion 
length y (Eq. (3.51)). Evaluating the phase signal for all pixels makes it possible to 
produce phase IR images, that is, the phase is correlated with a color or a grayscale 
(see below for examples). Images therefore reflect phase changes induced by sub- 
surface structures or defects. The probed depth range depends on the frequency 
according to Eq. (3.51). Therefore, the input energy source must be used at an 
optimal frequency, which depends on both the thermophysical characteristics of 
the object and its thickness. 

The definition of phase and amplitude also stress the fact that the recording 
frequency must be large enough for at least four data points to be recorded dur- 
ing one cycle of excitation. If the four chosen points were distributed over several 
cycles, the results would no longer be unequivocal. Therefore, the method resem- 
bles a phase-sensitive detection if the signal is locked to the excitation frequency. 
This is similar to the lock-in technique used in other measurement science appli- 
cations and, hence, explains the name. 

Before presenting practical examples, some advantages and disadvantages of 
lock-in thermography must be mentioned. Lock-in thermography detects de- 
fects in depth ranges, which are related to the excitation frequency according 
to Eq. (3.51). Therefore, an inspection covering a large range of depths requires 
longer times than other approaches, such as pulse thermography, since many 
different frequencies must be applied to a sample, and each time the dynamic 
equilibrium must be established before starting the measurement. Compared to 
pulse thermography, the method is, however, more sensitive and may be used for 
greater depths. Furthermore, the energy required to perform lock-in thermogra- 
phy is generally smaller than in other active techniques, which may be important 
if the inspected part suffers damage from high energy input. Lock-in thermogra- 
phy has been used in a large number of application fields. It can even be applied in 
building surveys [82] using the day-to-night cycle as periodic heating and cooling 
of buildings (Chapter 7). 


3.6.3.1 Nondestructive Testing of Metals and Composite Structures 

The main body of a passenger aircraft, also known as the fuselage, is built as a 
skeleton frame structure with a skin affixed to the frame elements. For reasons 
of weight, the skin only consists of a thin metal layer, usually aluminum, with a 
thickness (e.g., for the Boeing 737) on the order of 1 mm. Stability is achieved 
by attaching a composite material, usually a carbon-fiber-reinforced material, to 
a substantial portion of the interior surface of the skin layer. The fuselage must 
remain intact for many flights, that is, for many pressurizing and depressurizing 
cycles. Aging aircraft may suffer from material fatigue, for example, cracks in the 
skin or loose connections between skin and supporting frame, and so on, which 
can lead to failure. Therefore, the aircraft fuselage is regularly scanned for defects. 
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Figure 3.107 shows an example of aircraft testing [83]. Phase image lock-in ther- 
mography was performed on the outer skin of a Boeing 737 aircraft. Obviously the 
lock-in technique can easily look through the 1 mm aluminum skin and detect 
the supporting subsurface structure. One of the advantages of lock-in compared 
to conventional NDT techniques like ultrasound is that during a single measure- 
ment, large areas of typically 1 m? can be imaged. This considerably reduces the 
inspection times by a factor of 10 or so compared to conventional methods. It 
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Figure 3.107 Lock-in thermography testing of regard to anomalies, which would indicate 

a Boeing 737. The images show selected sec- defects. Often results are shown as grayscale 
tions as overlays of thermal phase images and images (b). (Image courtesy: MoviTHERM, 
visible images (a). The subsurface structures www.movitherm.com.) 

are easily detected and investigated with 
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Figure 3.108 Lock-in phase image of 
honeycomb structure from an aircraft 
showing delaminations. (Image courtesy: 
MoviTHERM, www.movitherm.com.) 


Figure 3.109 Lock-in thermography phase 
image of test structure of carbon fiber sam- 
ple with flat-bottom holes and large milled- 
out area. (Image courtesy: MoviTHERM, 
www.movitherm.com.) 


was estimated that a lock-in inspection of the complete fuselage of a Boeing 737 
could be done within about 100h. The method is, for example, approved by the 
US Federal Aviation Administration (FAA) and used by Boeing, Airbus, and, the 
airline Lufthansa, for example. 

The thermal input, needed to perform the measurement, only leads to maxi- 
mum temperatures of about 40°C, that is, thermally induced damage is nonexis- 
tent. The technique can be used to detect all key defects such as delaminations, 
cracks, loose rivets, or water intrusions for metals (such as aluminum), carbon, or 
glass fiber-reinforced plastics, as well as honeycomb structures. 

As an example of a defect, Figure 3.108 shows an example of delamination in a 
composite panel honeycomb structure from an Airbus aircraft. 

Test structures similar to those used for pulse thermography (Figure 3.103) are 
shown in Figure 3.109. A carbon fiber sample was prepared with flat-bottom holes 
and a larger milled-out area (to the left). No structure can be seen visually from 
the other side, whereas the lock-in phase image easily detects all subsurface struc- 
tures. 
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3.6.3.2 Solar Cell Inspection 
Photovoltaic power generation is one of the most rapidly developing fields of re- 
newable energy. The industry faces major challenges in terms of the quality con- 
trol of solar cells. In particular, defects in the semiconducting materials can reduce 
cell efficiencies. Therefore, reliable test procedures of the modules are needed that 
can be adjusted to the typical areas of modules in the square-meter range. 
Current solar cell tests, that is, photovoltaic cell tests, are based on three types of 
measurement: spectroscopy, electrical (contact) measurements, and IR imaging. 
Measured electrical parameters include the short-circuit current, open-circuit 
voltage, fill factor, ideality factor, series resistance, shunt resistance at 0.0 V, and 
reverse voltage breakdown. On the one hand, electrical contact measurements are 
straightforward and involve the collection ofa complete set of parameters. There- 
fore, electrical cell tests can be quite time consuming. On the other hand, conven- 
tional IR imaging allows a faster detection of the major shunts by either applying 
a reverse bias voltage or by observing the cell temperature for normal operating 
conditions. The sensitivity and thermal resolution of standard thermography are, 
however, limited by the detector NETD (Section 2.5.2), which amounts to about 
20 mK for cooled InSb detectors and up to 80 mK for uncooled microbolometers. 
Therefore, refined methods such as lock-in thermography are needed to detect a 
wider variety of defects below this limit with temperature resolutions in the mi- 
crokelvin range, for example, shunt conditions below a solar cell’s metallization 
layer. Figure 3.110 depicts a standard (panel a) and lock-in (panel b) thermal im- 
age of the same solar cell. The triangular shapes on the left- and right-hand sides 
(best seen in Figure 3.110a) are alligator clips that apply a bias voltage. The cir- 
cular blue area of the standard IR image is a reflection of the cold detector of the 
InSb camera. 


ae 


(a) (b) 

Figure 3.110 Standard thermal image electrical AC input and an acquisition time 
(a) recorded with an InSb camera of a of 20s. Both images show shunt defects (or- 
60 x 60 mm? silicon solar cell. The lock-in ange areas) under steady-state reverse bias 


image of the same cell (b) is the result of 800 conditions. (Image courtesy: MoviTHERM, 
individual images, recorded using a 10 Hz www.movitherm.com.) 
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Figure 3.111 Phase images of shunt defects from lock-in measurement system at 10 Hz 
(a) and 200 Hz (b) sine wave stimulation. (Image courtesy: MoviTHERM, www.movitherm.com.) 


A direct comparison of the two images reveals that, whereas the standard image, 
recorded with a cooled InSb camera, shows thermal reflections from the detector 
as well as from the surroundings on the clips, no reflections are visible in the lock- 
in image. The InSb camera detects some hot spots (shunts) as blurred, that is, 
strongly diffused orange regions in the upper right half, whereas the lock-in image 
shows a very sharp image with well-localized shunts. The shunt detection in both 
images is limited by the sensitivity of the detector, which is 20 mK for the InSb 
camera, but only 0.02 mK for the lock-in image. 

Therefore, only severely shunted areas become visible as bright orange and lo- 
calized spots in the InSb image. The darker orange regions are a result of weaker 
shunt defects. Locating the origins of these weaker shunts is extremely difficult, if 
not impossible, owing to the thermal diffusion (spreading of thermal energy over 
time) as well as the weak thermal radiation of the defect itself. 

Overall, image quality and methods of extracting quantitative information are 
strongly improved in the lock-in image. These sharp lock-in thermography images 
provide additional information, such as nonuniform heating of the cell, as revealed 
by lighter and darker blue areas. Therefore, the lock-in technique also requires 
much less thermal energy input to the solar cells during the test procedure. 

Another example, which illustrates the effect of modulation frequency on the 
image, is presented in Figure 3.111, which shows the results of lock-in thermog- 
raphy testing for shunt defects on cells that were electrically excited with sine 
waves of different frequencies. Obviously — as expected — the image with a lower 
frequency, which relates to a larger depth within the cell, is more blurred. 

As a final example, Figure 3.112 shows three images, which show the differences 
between a standard thermal image (panel a) and either amplitude (panel b) or 
phase (panel c) lock-in thermal images. Obviously, the phase image has the best 
quality, clearly detecting a shunt with high spatial resolution. 
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(c) 
Figure 3.112 Comparison of different ther- images recorded using sinusoidal illumina- 
mal images of an array of 5 X 10 mm? solar tion with diode array operating at A = 850nm 


cells. (a) Standard image recorded with cooled and frequency of 25 Hz. Shunts are clearly de- 
InSb camera, again showing reflection of cold tected in both lock-in images. (Image courtesy 
detector, that is, the Narcissus effect (Sec- PVflex Solar GmbH, Fürstenwalde, Germany.) 
tion 2.4.4.5). (b,c) Amplitude and phase lock-in 


It should be noted, however, that which lock-in image is to be used may depend 
on the specific requirements and experimental conditions [72]. For IR imaging of 
solar power plants see Section 10.11.2. 


3.6.4 
Pulsed Phase Thermography 


Pulse thermography is easy to perform; however, it suffers from limited thermal 
contrast and limited depth range. Lock-in thermography is better suited for locat- 
ing depth ranges of defects by varying the frequency of excitation; however, this 
advantage is associated with longer measurement times. 

To overcome the latter drawback while at the same time having a simple setup, 
pulsed phase thermography was introduced as a link between pulse thermography 
and lock-in thermography [71]. 

Pulsed phase thermography uses the concept of Fourier that any pulse of ar- 
bitrary shape can be described as a superposition of harmonic waves of different 
frequencies. Therefore, a square pulse, such as is used in pulse thermography, can 
also be considered as being composed of a multitude of different harmonic waves 
of different frequencies and associated amplitudes. The frequency distribution is 
unequivocally related to the shape of the pulse in the time regime, for example, 
a square pulse gives rise to a frequency spectrum defined by a sinc(x) = sin(x)/x 
function. The fundamental idea behind pulsed phase thermography is as follows. 
A square pulse is applied to a sample. This leads to heat flows into the sample, 
which may be changed owing to the presence of defects/substructures, exactly as 
explained for pulse thermography. Again, IR images of changing surface tempera- 
tures are recorded as a function of time. The difference between pulsed phase and 
pulse thermography is due simply to the data analysis procedure, that is, signal 
processing. In pulsed phase thermography, a fast Fourier transform is computed 
from the signals: since the input includes contributions of many frequencies si- 
multaneously, the signal is thereby deconvoluted into the responses due to the 
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individual frequencies. This means that results are obtained for a large spectrum 
of frequencies, thereby simultaneously probing different depth ranges ofa sample. 

Based on theory, the typical maximum frequencies associated with a pulse 
of width At can be computed. One finds, for example, that for a 10 ms pulse, 
the highest frequency that still has more than 90% of the maximum amplitude 
is 25 Hz; for a 0.1s pulse, this maximum frequency is 2.5 Hz. Images must be 
recorded with at least twice the maximum frequency in order to avoid any alias- 
ing effects. 
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Chapter 4 
Some Basic Concepts in Heat Transfer 


4.1 
Introduction 


In this chapter, we discuss the relevance of measured surface temperatures of 
opaque objects (e.g., buildings, electrical components under load) due to their 
emitted infrared (IR) radiation using IR cameras. Taking nice IR images, that is, 
snapshots of object surface temperature distributions, is just the start of analyz- 
ing data and drawing conclusions concerning thermal properties of objects under 
study. The main objectives are, for example, to gain insight into heat loss problems 
owing to the thermal insulation properties of buildings or leakages in industrial 
installations, to understand heat sources that may lead to the failure of electri- 
cal components, and many more. In each case, one must generally start with the 
measured surface temperature and from that extract useful information. In gen- 
eral, the physics problem behind the issue can be formulated as follows. If the 
surface temperature of an opaque object at a certain time is given, what can we 
learn about the temperature distribution within the object, about the associated 
heat flows through the surfaces of the object, and about the transient changes in 
surface temperatures? 

Disregarding emissivity for the moment, all objects that can be investigated 
have in common that they must have a different temperature than their surround- 
ings. This means that either the objects have energy sources or sinks within them 
or they were heated or cooled before the observation started. In addition, during 
the observation, the temperature of objects may change, that is, thermal equi- 
librium conditions are usually never fulfilled. To interpret the results of surface 
temperature measurements, one must therefore know about all processes that 
might lead to temperature changes in objects. In this chapter, we briefly discuss 
the three basic heat transfer modes. More information can be found in textbooks 
(e.g., [1, 2]). Then the meaning of measured surface temperatures with regard to 
measurement conditions is discussed for a number of examples, that is, the prob- 
lem of how the surface temperature can be used to extract meaningful information 
concerning objects under study. 


Infrared Thermal Imaging, Second Edition. M. Vollmer and K.-P. Méllmann. 
©2018 WILEY-VCH Verlag GmbH & Co. KGaA. Published 2018 by WILEY-VCH Verlag GmbH & Co. KGaA. 
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4.2 
The Basic Heat Transfer Modes: Conduction, Convection, and Radiation 


Temperature differences in any situation result from energy flows into a system 
(heating by electrical power, contact to thermal bath, absorption of radiation, for 
example, microwaves or solar radiation) and energy flows from a system to the 
surroundings (Figure 4.1). The former leads to heating, whereas the latter results 
in the cooling of an object. In thermodynamics, any kind of energy flow (also 
called heat transfer) that is due to a temperature difference between a system and 
its surroundings is usually called heat flow. In physics, one usually distinguishes 
three kinds of heat flow: conduction, convection, and radiation. As a matter of 
fact, the underlying physical processes for conduction and convection are very 
similar, so the distinction is rather artificial. 


4.2.1 
Conduction 


Conduction refers to the heat flow in a solid or fluid (liquid or gas) that is at rest 
(Figure 4.2). Conduction of heat within an object, for example, a wall of infinitesi- 
mally small thickness ds, is usually assumed to be proportional to the temperature 
difference dT on the two sides of the object as well as the surface area A of the 
object, and inversely proportional to the thickness ds of the sample, that is, 

; dT 

Qoond = A+ A> ds (4.1a) 

For the specific example of a macroscopic one-dimensional (1D) wall of thickness 
s = 5S) — S, steady-state conduction leads to a temperature that varies linearly with 
distance. In this case, 

; dT 


Qeon = A+ A+ a — 


u |> 


-A - (T1 THe, +All, - T3) (4.1b) 


con 


In what follows, we mostly refer to the simplified heat conduction equation 
Qoond = “ona? A (T1 — Ty). The heat transfer coefficient is defined as € sond =A/s, 


here a cube, lead to temperature rise. Energy 
Net Net flows (blue) from a system (cube) decrease 
heating cooling the temperature. These energy flows are due 
to conduction, convection, and radiation 


acting via the surface of the system. For 
7 small absorption constants of the system 
NAN VA, material, radiation may also act within the 
volume. 


4 
=> a Lo] AL Figure 4.1 Energy flows (red) into a system, 
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Figure 4.2 Conduction of heat takes place within a solid or 
stationary fluid. 


where J is the thermal conductivity of the wall material given in W (m K)-! and 
s is the wall thickness given in meters. (Note that 1 uses the same Greek sym- 
bol that is usually reserved for wavelength. Rather than introducing additional 
subindices that would unnecessarily complicate the notation, in particular when 
later a distinction between thermal conductivities for different materials — indi- 
cated by subindices — will be made, we will stick with the same symbol since the 
context of the corresponding equations will usually make it clear which quan- 
tity — wavelength or thermal conductivity — is meant.) The heat transfer coef- 
ficient «cong describes heat transfer in watts per unit area and Kelvin, that is, 
W (m? K)7!. Hence, the heat flux through the wall Q.,,,4 in watts gives the energy 
flow per second through the wall of surface area A if the temperature difference 
between the inner and outer surfaces is given. Table 4.1 gives typical values of 
thermal conductivities of materials as well as their corresponding heat transfer 
coefficients for s = 10cm “wall thickness.” 


Table 4.1 Some approximate values for thermal conductivity of materials at T = 20°C and 
the corresponding heat transfer coefficients for s = 10 cm. Values may vary depending on 
purity/composition. 


Material A Acond = 2 Material A Aona = à Material À Acond = à 
=i -1 -1 

Aluminum 220 2200 Concrete 0.5-2 5-20 Water 0.6 6 

(99%) stones 0.5-1.2 5-12 

Copper 390 3900 Dry 0.1—0.2 1-2 Oils 0.14-0.18 1.4-1.8 
wood 

Silver 410 4100 Foams, 0.02-0.05 0.2-0.5 Air 0.026 0.26 
Styro- 
foam 


Steel 15-44 150-440 Glass 0.8-1.4 8-14 CO, 0.016 0.16 
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Values of the heat transfer coefficient of conduction depend on the geometry 
and dimensions of an object. The description of geometrical effects can become 
quite complex mathematically, and they may, for example, be accounted for by 
shape factors [1]. Here we stick with one-dimensional (1D) problems and give a 
numerical example for change with dimensions. We consider walls with thickness 
s = 10, 20, or 30cm made of stones with à = 1 W (mK)! and find @ona10em = 
10 W (m? K) yf pnasoen = 5 W (m? KY, and @ na sacm = 3-3 W (m? K). 

The microscopic processes responsible for conduction of heat are most easily 
explained for objects that are in contact with gases. In a gas, a large number of 
atoms/molecules move with different velocities and in different directions. The 
temperature of a gas determines the average kinetic energy and — in relation to 
it — the average velocity of the gas molecules; these averages are mean values of 
the corresponding energy and velocity distributions. Owing to the high average 
velocities of a few hundred meters per second at room temperature, each second a 
large number of collisions take place between gas molecules, which permanently 
exchange energy and momentum. Individual molecules may change their energy 
and velocity; overall, the average values, however, stay the same if the gas is char- 
acterized by a well-defined temperature. 

Now consider a gas that is in thermal contact with a hot object of given high 
temperature and, for example, room temperature walls. Owing to collisions with 
the hot object, the gas will have high average kinetic energies and high average 
velocities in its vicinity. At a certain distance, the same gas may also be in contact 
with a room temperature wall. There the neighboring gas molecules have lower 
average kinetic energies and lower average velocities. In the space between the 
wall and the hot object, the gas molecules will undergo many collisions. These 
collisions will lead to energy transfer from high kinetic energies near the hot ob- 
ject to low kinetic energies near the wall. Obviously, conduction of heat just de- 
scribes this energy transfer via molecular or atomic collisions within the gas. For 
liquids the situation is quite similar, the main difference being that molecular dis- 
tances are much shorter. In solids, there are no free-moving atoms or molecules; 
however, the atoms in a crystal lattice can vibrate. In the language of solid-state 
physics, the corresponding vibrational quanta are called phonons. For solids that 
are in thermal equilibrium, there is a well-defined phonon distribution that gives 
rise to the corresponding average energy. If the solid is placed between two objects 
of different temperatures, the phonon distributions and, hence, the correspond- 
ing average energies will differ. Like collisions of gas molecules, phonon distribu- 
tions change as a function of position between the two different temperatures. In 
conductors, in addition, free electrons contribute to heat conduction, which may 
even dominate over the contribution by phonons. In principle, the corresponding 
energy transfer is similar to that of gas molecules described earlier. 
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Figure 4.3 Convection of heat occurs between a surface and a 
moving fluid. 


Distance 
@ rend 
— 
Fluid, Ty 
4.2.2 
Convection 


Convection refers to the heat flow between a solid and a fluid in motion (Fig- 
ure 4.3). 

The energy flow Q.ony per second from the surface of an object with tempera- 
ture T; into a fluid of temperature T, owing to convection is usually assumed to 
follow a law similar to that of conduction, that is, it is proportional to the area and 
the temperature difference: 

-A-(T,-T) (4.2) 


Qeonv = QA conv 


The heat transfer coefficient for convection depends on the nature of the mo- 
tion of the fluid. In free convection, the current of the fluid is due to temperature- 
induced density differences in the fluid; in forced convection, the current of the 
fluid is due to external forces/pressure. Typical values for free convective heat 
transfer coefficients of gases above solids are cited as ranging between 2 and 
25 W (m? K)“t, the exact value depending on flow conditions, wind speed, and 
moisture on the surface; for liquids they can be ina range of 50 to 1000 W (m? K)7!. 

Compared to free convection, values for forced convection can be higher by an 
order of magnitude. A typical thermography application where forced convection 
plays a role is an outdoor building inspection when the wind speed is finite, but 
&cony depends on wind speed [3]. Figure 4.4 shows as an example the range of val- 
ues for convective heat transfer coefficients for outside walls of buildings reported 
in the literature. 

A word of caution: in many heat transfer estimates, the convective heat transfer 
coefficients already include the radiative heat losses of the corresponding surfaces. 
The reason for this and the corresponding limitations are discussed in Section 4.5. 

To understand the physical processes responsible for heat convection, one 
needs a microscopic model of the system. Owing to the movement of fluid across 
the surface, a boundary layer of a certain thickness is established. As a conse- 
quence, there is a velocity distribution of the fluid due to the molecular forces 
between fluid molecules and, first, surface molecules with zero velocity at the sur- 
face and, second, the bulk fluid velocity at distances greater than the thickness of 
the boundary layer. Convective heat transfer then comprises two different mech- 
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Figure 4.4 A large range of convective 
heat transfer coefficients for outside walls 
of buildings are reported as a function of 
wind speed. For many estimates of total heat 
Spread transfer through walls (Section 4.3.3), a value 
in of 25 W (m? K)! is used. 
25 W (mõ literature 
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anisms. First, it is due to the conduction of heat between the object surface and 
the fluid layer very close to the surface, that is, it is due to molecular motion and 
collision processes. The second convective contribution is due to the bulk motion 
of the fluid. The bulk motion of the fluid close to the boundary layer sweeps away 
the heat that was transferred via conduction from the surface. As a consequence, 
a detailed microscopic modeling is rather tedious and involves many phenomena 
of fluid dynamics. 


4.2.3 
Radiation 


The emission of thermal radiation was already treated in Chapter 1. In any realis- 
tic situation in IR imaging, an object of temperature Tj is surrounded by other 
objects of background temperatures Turr. For simplicity, we assume a warm ob- 
ject that is completely surrounded by an enclosure of constant lower temperature 
(Figure 4.5). Whenever objects with different temperatures are present, one needs 
to compute the corresponding view factors (Sections 1.3.1.5 and 7.4.4) to find the 
net radiation transfer. 

The object surface of T,,; emits radiation according to the laws of radiation 
(Section 1.3.2). The total emitted power is given by the Stefan—Boltzmann law 
(Eq. (1.19)) corrected for the emissivity of the object. In what follows, we assume 
gray objects. In addition, radiation from the surroundings is incident on the ob- 
ject. This finally leads to a net energy transfer from the warmer object with surface 


Tsurr 


NAV 
NN Figure 4.5 Whenever an object is placed in an environment of 


T. “a different temperature, there will be a net energy transfer via thermal 
obj baii : au. A A ner 
j radiation owing to the emission and absorption of radiation by the 


object. 
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area A to the colder surroundings, 


obj surr 


Qua =e-o-A- (TS -T$ ) (4.3) 


where o = 5.67 - 1078 W (m? KEL. 

This energy transfer equation differs from those for conduction and convection, 
which were of the form Q = a - A - (T; — T3), owing to the nonlinear dependence 
on temperature. Since any quantitative analysis concerning heat transfer is much 
easier for linear temperature differences, it is customary to approximate the ra- 
diative contribution also with a linear equation. This makes sense if temperature 
differences are small, that is, (Tob) — Tsurr) « (Tobj» Tsurr») since in this case 


(75 B Tal = [Ta T Tour) . bee + pam i (Tobj E Tn) 
= Kappr( T) ` (Tobj ~ Tur) (4.4) 


where kappr( T) © 4T? „ Using ap =€-0- Kapp» We can then rewrite Eq. (4.3) as 


Cai = Bad * As (Top; a T segs (4.5) 
which is of the same type as the heat transfer equations for conduction and con- 
vection. To give a numerical example, we estimate the radiative heat loss of 1 m? 
of a gray object (e = 0.9) of 310 K in 300 K surroundings. According to Eq. (4.3), 
we find 57.93 W, and from the approximation given by Eq. (4.5) we find 55.11 W, 
that is, a 4.9% lower value. The deviation decreases for a smaller temperature dif- 
ference and only amounts to 0.5% for 301 K vs. 300 K. 

A more thorough discussion of the applicability of the approximation of 
Eqs. (4.4) and (4.5) is given later in Section 4.5. 


4.2.4 
Convection Including Latent Heats 


Usually microscopic models for convective heat transfer treat the energy transfer 
as being due to the combined effects of the conduction of heat within the bound- 
ary layer between solid and fluid and effects as being due to fluid motion. In this 
case, internal thermal energy of the fluid is transferred to a solid or from the solid 
to the fluid. 

However, in addition, there are many convection processes where additional 
latent heats are exchanged. Such latent heats are associated with phase changes 
between the liquid and vapor states of the fluid. The most important and often 
used fluid in technology and nature is water. The corresponding heats for phase 
changes are called the heat of condensation or the heat of vaporization (when va- 
porization occurs at the liquid—gas interface, it is termed boiling). They add up to 
the transferred heat and give rise to strongly increased coefficients for the convec- 
tive heat transfer, which can reach values between 2500 and 100 000 W (m? K). 

Microscopically, heat transfer due to evaporation and condensation can be un- 
derstood as follows: 
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1. Ifa solid is covered with liquid droplets or a liquid film and it is surrounded 
by a gaseous fluid with low vapor pressure, the liquid droplets or the film can 
evaporate. To do so, the heat of vaporization is needed, which is extracted 
from the solid, thereby transferring energy from the solid to the gaseous fluid 
(evaporative cooling of the solid). 

2. If heat is transferred from a solid to a liquid around it, and the surface tem- 
perature exceeds the saturation temperature, vapor bubbles start to grow on 
the surface. Finally, upon growing they can detach from the surface, thereby 
transporting the energy that was used for their generation from the solid to 
the liquid (cooling of the solid). 

3. Condensation occurs when the temperature of a vapor is reduced below its sat- 
uration temperature. In industrial applications (and in nature around us), this 
usually results from the contact of the vapor with a cold surface. Upon con- 
densation, the latent heat of condensation is released, that is, the condensing 
vapor transfers energy from the vapor to the solid (heating of solid). Depend- 
ing on whether droplets or a thin film is produced upon condensation, differ- 
ent microscopic theories are used for estimating the associated heat transfer 
coefficients. 


For water, the latent heats are temperature dependent (Table 4.2). 

Owing to the large value of latent heats for water, the associated heat trans- 
fer coefficients can have dramatic effects on temperature distributions of objects. 
For example, in outdoor building thermography, the surface temperature distri- 
butions of walls or enclosures of objects strongly depend on rain and wind. The 
phenomenon is also well known from personal experiences in summer. When get- 
ting out of a swimming pool, lake, or the ocean, one is usually still covered with 
many droplets of water. Sometimes one may start to shiver during a mild breeze 
while experiencing evaporative cooling. 

A numerical example will illustrate the cooling potential of water. One gram, 
that is, 1cm?, of vaporizing water will transfer an amount of about 2450J at a 
temperature of 20°C. If this 1 cm? of water were spread as a thin film on an alu- 
minum metal cube with side length 60 mm (as in the example in Section 4.4.4), 
the film would have a thickness of about 46 um. This would strongly increase the 
heat transfer coefficient, in particular if a fan were used for artificial wind speed. 


Table 4.2 Heat of vaporization for saturated water at various temperatures. 


Temperature in K (°C/°F) Heat of vaporization/condensation in kJ kg"! 
273.15 (0/32) 2501 
283.15 (10/50) 2477 
293.15 (20/68) 2453 
303.15 (30/86) 2430 


373.15 (100/212) 2257 


4.3 Selected Examples of Heat Transfer Problems 


Total vaporization of this water film would lead to a temperature drop of the cube 
from 20°C by about 4.7 K to 15.3 °C, provided the system was thermally isolated 
from its surroundings. Experimental investigations of such effects are discussed in 
Chapter 7. We finally note that additional heat sources can be present, for exam- 
ple, reaction enthalpies while studying chemical reactions (Section 9.3). When- 
ever such special problems are investigated, the corresponding energies must be 
taken into account. 


4.3 
Selected Examples of Heat Transfer Problems 


4.3.1 
Overview 


Obviously, any object that is studied by thermography can be characterized by 
heat transfer due to both conduction within a wall/an enclosure as well as con- 
vection at the inner (if applicable) and outer surfaces of the object. Typical exam- 
ples are hot liquids transported within tubes, electrical wires heated from within 
due to current, or buildings heated from inside. In thermography, one measures 
the surface temperatures of objects with the goal of learning something about 
the object. The two potential extreme situations are pure qualitative studies and 
accurate quantitative analysis. In the first case, the relevant information is con- 
tained, for example, in the inhomogeneities of the thermal radiation, indicating 
thermal leaks in a qualitative manner. In the second case, one is interested in the 
absolute temperature values for quantitative analysis, for example, of the thermal 
insulation properties of a wall or a window. We treat the general problem of heat 
transfer for the example of building walls and will discuss examples of both cases. 

Figure 4.6 depicts five standard situations that resemble typical measurement 
situations. The conditions for these situations are summarized in Table 4.3. 

The least interesting situation for IR imaging is thermal equilibrium (a), that 
is, any initial temperature differences have vanished since no heat sources (e.g., 
heater) or sinks (e.g., cooling system) are available. If every parameter of the cam- 
era is properly adjusted, the IR image will just be a homogeneous area with no 
thermal signatures, even independent of emissivity contrast. 

In cases (b) and (c), time-independent heat sources are present. In the case of 
building thermography, the heat source can be the heating system inside leading 
to a constant inside temperature and the heat sink is the outside of the house at a 
much lower constant temperature. For industrial applications, one may think of 
pipes transporting hot liquids. In this case, the hot liquid is filled in at constant 
flux, thereby providing the time-independent heat source. Again, the heat sink 
is the outside of the pipe at much lower but constant temperature. Since we as- 
sume time-independent behavior, that is, that the inside and outside temperatures 
do not change with time, a stationary temperature distribution within the wall is 
reached. After initializing the corresponding measurement setup or process, it 
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(a) Distance (b) Distance 


(c) Distance (d) Distance 


T(K) 


(e) Distance 
Figure 4.6 (a-e) Schemes for standard situ- C (e.g., air on both sides of a wall), material 
ations encountered in thermography. They properties of a solid material (the wall B), and 


can be distinguished according to differences time dependence of heat sources or sinks (for 
in temperatures T} and T, of two fluids Aand more details see text and Table 4.3). 


may take quite a while to reach this dynamic thermal equilibrium. Depending on 
the material properties of the wall/tube, the temperature may vary with distance, 
as shown for the wall (b), or stay more or less constant within the tube (c). The 
relevant parameter is the Biot number, which is introduced in Section 4.3.2. Ob- 
viously, the case of large Biot numbers is usually encountered for buildings, where 
the temperature within walls may vary widely. In contrast, the measured surface 
temperature is close to the inner temperature for small Biot numbers. The sta- 
tionary situations (b) and (c) are the easiest for quantitative analysis. 
Unfortunately, the standard application in IR imaging deals with time-dependent 
heat sources or sinks. For building inspections, this is due to a number of factors 
like the night setback of the heating cycle, potential solar load effects of the out- 
side wall during the daytime, potential night sky radiant cooling, and changes 
in the ambient outside temperature during the day and at night (e.g., cloudy vs. 
cloudless sky). In industrial applications with pipe systems, there can be transient 
changes both of the source (e.g., variations of initial temperature of the fluid) or 
of the sink (change in outside temperature). As a consequence, the spatial tem- 
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Table 4.3 Parameters/conditions, referring to the standard situations in thermography shown 
in Figure 4.6. 


(a) 


Thermal equilib- 
rium 


No heat sources or sinks, 
after a long time 


IR images homogeneous, no 
thermal contrast 


(b) Large Biot number (Sec- For example, typical out- 
tion 4.3.2): variations of T side building inspections, 
within wall/solid, T profiles measure Ts, < T; (inside), 

Temperature independent of time useful information in spatial 
difference due to variations of Ts, 
time-independent , : 

(c) h ; Small Biot number: nearly For example, pipe system 

eat sources/sinks DR Ps A i 
no variations of T within with hot fluid measure Tg 
wall/solid, T profiles inde- x T; (inside) useful infor- 
pendent of time mation also in spatial varia- 
tions of Ts, 
(d) Large Biot number: varia- For example, typical outside 


Temperature 


tions of T within wall/solid 


building inspections, T3 


difference due to 
time-dependent 
heat sources/sinks 


drops, measure Ts, = Ts, (t) 


Small Biot number: nearly 
no variations of T within 
wall/solid 


For example, pipe system 
with hot fluid, T, drops, 
measure T's, = Ts, (¢) 


perature profiles additionally depend on time. This is illustrated for the case of 
large Biot numbers and lowering of the outside temperature in (d) and for small 
Biot numbers and lowering of the inside temperature in (e). 

A number of questions arise in relation to this transient behavior. How much 
useful information can still be guessed? Is quantitative analysis still possible or 
only a qualitative one? And — if transient effects are to be avoided — how long 
are the corresponding time constants for these changes? As shown by many ex- 
amples, the answers to the first two questions are easy: one can still extract a lot 
of useful information, in particular from the spatial variations across the inves- 
tigated object surface. In most cases, comparison to earlier studies on the same 
object or similar objects also allows some semiquantitative analysis (e.g., criterion 
for potential failure of component). In the few cases where a quantitative analy- 
sis of absolute temperature is needed, one must, however, study the thermal time 
constants of the objects (see below). 

In what follows we present a few selected examples in detail. 


4.3.2 
Conduction within Solids: The Biot Number 


Consider a solid between two fluids of different but constant temperatures, T} and 
T,, as shown in Figure 4.6b,c. Assuming steady-state conditions, the heat flow 
due to conduction, convection, and radiation will lead to a spatial temperature 
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distribution within the object. It is possible to get some idea of the temperature 
within the solid using the so-called Biot number Bi: 


Bi- conv = 
a 


(4.6) 


ind conv À 
where a is the corresponding heat transfer coefficient with a,,,,4 being expressed 
by the dimension s of the object and the thermal conductivity 1 of the object ma- 
terial. 

In this book we only discuss the Biot number and, subsequently, the Fourier 
number, although many other dimensionless quantities are defined and used to 
describe the properties of heat and mass transfer depending on flow conditions [1, 
2]. Such quantities as the Nusselt number, the Reynolds number, and the Prandtl 
number are particularly important for forced convection, where the heat transfer 
coefficient depends not only on geometry but also on whether the flow is laminar 
or turbulent. 

The Biot number is a dimensionless quantity, usually describing the ratio of two 
adjacent heat transfer rates. In the present case, it describes the ratio of the outer 
heat flow from the surface to the surroundings, characterized by the convective 
heat transfer coefficient a,,,, at the surface and the inner heat flow within the 
object characterized by the conductive heat transfer coefficient «cona = A/s. For 
Bi > 1, the outer heat flow is much larger than the inner heat flow. Obviously, this 
results in a strong spatial variation of internal temperature within the object. This 
is typical for walls of buildings (Figure 4.6b). If, however, Bi < 1, the internal heat 
flow is much larger than the heat loss from the surface. Therefore, temperature 
will be near equilibrium within the object, that is, the temperature distribution 
will be homogeneous within the solid, and a large temperature drop will occur at 
the boundary of the object with the surrounding fluid [1]. This is, for example, 
typical for metal tubes transporting hot liquids (Figure 4.6c). 

As an example of time-dependent effects, we now discuss the situation of the 
cooling of objects. Consider, for example, an initially hot object of temperature 
Toj that is in contact with surroundings of lower temperature. There will be no 
further energy input into the object. For simplicity we consider a 1D object, such 
as a plate of thickness 2s, that extends to infinity in the other dimensions (results 
are also approximately valid for finite plates if their thickness is small compared 
to the other dimensions). 

Figure 4.7 gives a schematic representation of the temperature distributions 
within such initially hot plates as a function of time for different Biot numbers. 
For clarity, the temperature drops outside of the boundaries (similar to those in 
Figure 4.6) are omitted here. For Biot numbers less than 0.1, the temperature dif- 
ferences between the exact solution and that assuming equilibrium within the 
object only lead to a maximum of 2% deviation [2]; hence, whenever Bi < 0.1, one 
may assume a constant temperature throughout the solid [1]. 

For larger Biot numbers, the conductive heat transfer within the solid proceeds 
more slowly than the convective heat transfer from the surface boundary. There- 
fore, any heat transferred to the surface from within is immediately removed, that 
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Figure 4.7 Schematic temperature distribu- (c): Bi >> 1. There is an additional temperature 
tions within solid objects upon cooling as a drop at the boundary to the surrounding fluid 
function of increasing Biot number. (a): Bi = 0; (omitted here). 

(b): Bi = 0(1), that is, on the order of unity; 


is, the outside parts of the solid cool faster than the inside, and a spatial temper- 
ature profile results. In this case, the surface temperature does not seem to be a 
useful measure for the inside temperature or even an average temperature of the 
solid. For very large Biot numbers, the convective heat transfer dominates. The 
surface temperature drops very rapidly and then stays low, whereas the internal 
temperature drops only very slowly. 

Figure 4.7 also gives an indication as to how cooling curves of initially hot ob- 
jects change with time. For large Biot numbers the internal heat flow within the 
object is smaller than the heat flow due to convection from the boundary. There- 
fore, cooling takes longer for large Biot numbers. 

Whenever we deal with situations like those in Figure 4.6, we should eval- 
uate the Biot numbers. A typical wall may be 24cm thick with stones of 1 = 
0.5 W (m K)™!. In this case, the conductive heat transfer 4 /s ~ 2 W (m? K)! is on 
the order of or less than the typical value for convective heat transfer of outside 
walls of 2 to 25 W (m? K)~!. Hence, the corresponding Biot number, Bi = 1 — 12.5, 
is equal to or greater than unity, and we expect a large temperature drop within 
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Table 4.4 Some material properties of objects and the corresponding Biot numbers. In mas- 
sive building materials like brick, the assumption Bi < 1 does not hold. 


Object 


Metal cubes 


Soft drink can 
(0.5L) 


Bottle (0.5 L) 
in fridge 


Brick (for 
comparison) 


Pipe 
Concrete (for 
comparison) 


Material(s) Acon s À deona = A/S Biot num- 
(W(m?K)') (m) (W(mK)') (W(m?K)') ber 

Aluminum, 2-25 20—60 -1073 220 11000-3670 < 0.01 

paint 

Aluminum 2 <1-10° 220 > 220 000 «1 

inside water 3.3 - 107? 0.6 18.2 zx 0.1 
radius 

Glass 2 x 3.107 z1 333 = 0.006 

inside water 3.3 - 107? 0.6 18.2 x 0.1 
radius 

Stone 2-25 12-107? = 0.6 5 0.4-1 

Stainless steel 2-25 2.107? 15 750 0.033 

Composite with 2-25 20 - 107? z1 5 0.4-1 

stones 


the building wall. In contrast, a stainless steel metal tube 2cm thick and with 
à =15W (mK)! gives (A/s) ~ 750 W (m? K)“!. In this case, the Biot number is 
given by Bi < 1, that is, there is no temperature gradient within the tube wall. 

Table 4.4 gives a summary of Biot numbers for some objects used in experi- 
ments plus several others for comparison. For small metallic objects or thin hol- 
low objects filled with water, the condition Bi < 0.1 is usually fulfilled. However, in 
realistic building materials like brick or concrete of larger dimensions, this condi- 
tion is not valid. The consequences for thermal time constants of objects are also 
discussed in what follows. 


4.3.3 
Steady-State Heat Transfer through One-Dimensional Walls and U-Value 


Figure 4.8 depicts a 1D wall of an object. The fluid at the left side of the wall (e.g., 
the inside air) is at a high temperature T; the one at the right (e.g., the outside air) 
is at a lower temperature T,. The heat transfer from left to right is described by 
heat transfer equations. As discussed previously, typical Biot numbers are larger 
than unity, and one expects appreciable temperature drops within walls. A typical 
qualitative result is shown in the figure. 

Imagine this is a building. There is a temperature drop from the inside air tem- 
perature T; to the inner wall surface temperature 7. Within the wall, the tem- 
perature drops to that of the outer wall surface, Ts , which is still above the outside 
air temperature T,. Within a 1D wall, extended to infinity, there is a linear temper- 
ature drop. If the wall is composed of two or more different materials, there will 
be intermediate boundary temperatures T}. In thermography one usually mea- 
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Distance 


< 
I 
mere Fluid 1} 1 | 2 | Fluid 2 


(a) s (b) Walls 


Figure 4.8 Schematic dependence of temperature changes owing to heat transfer through a 
1D wall embedded in fluids of different temperatures (a) or a double-layer wall (b). 


sures the surface temperatures, Ts, or Ts, and not the fluid (air) temperatures, 
T, or T}! 

The x- and y-dimensions of the temperature boundary layers, that is, the dis- 
tances ô, from the walls where the corresponding fluid temperatures are reached, 
vary with the flow conditions [1, 2]. An order-of-magnitude estimate for the ther- 
mal boundary layer thickness 6,, is 

À 

Ôh © F (4.7) 
where À is the thermal conductivity of the fluid and « is the heat transfer co- 
efficient for convection at the boundary [2]. Using &inside = 8 W (m? K)! and 
Aoutside = 2-25 W (m? K)™! for air as well as 1,;, % 0.026 W(mK)"!, we find 
Oinside © 3 mm and Oouiside ¥ 13mm to 1mm, that is, the thicknesses of the ther- 
mal boundary layers for building walls are usually much smaller than other char- 
acteristic dimensions. 

A note on the use of a jurcige Values: in many cases, Aputsige ranges between 2 
and 25 W (m? K)"!. For building inspections one may think of the lower limit 
2 W (m? K)! as a no-wind situation. In most calculations concerning heat losses 
of building envelopes, the upper limit of outside = 25 W (m? K) is chosen (usu- 
ally assumed for wind speeds below 5ms-") to obtain the so-called worst-case 
scenario with the largest possible heat transfer rates. & outside Can, however, still be 
larger for even larger wind speeds (Figure 4.4). The upper limit value may also 
depend on moisture on the surface, leading to latent heat effects (Section 4.2.4). 

The analysis of total heat transfer through the wall can be simplified using an 
analogy. The mathematical nature of Eqs. (4.1a), (4.1b), and (4.2) is very similar 
to that of Ohm’s law for electrical circuits, suggesting an analogy between heat 
transfer and charge transfer (note that both charge and heat are usually described 
by the same symbol, Q; we stick to this notation and introduce no subindices since 
it is always clear from the context which quantity is meant). In an electrical cir- 
cuit, the driving force for charge transfer dQ/ dt (i.e., current J) is the potential 
difference, that is, the voltage U, whereas in a thermal circuit the driving force for 
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Table 4.5 Equivalent quantities in electrical and thermal circuits. Note that Q has different 
meanings for the two cases. 


Quantity Electrical circuit Thermal circuit 
Driving force Potential difference U (voltage) in V Temperature difference AT in K 
Resistance Electric resistance R in Q Thermal resistance Rp in K/W 


Transfer quantity Charge transfer I =dQ/dtinCs-!=A Heat transfer Q inJs-! = W 


heat transfer is the temperature difference AT: 
I=Q= Z for charge and O=a-A- (T,-T,) forheat (4.8) 


This analogy suggests defining thermal resistances, Ry, = 1/(a- A). Table 4.5 
presents a comparison of the corresponding quantities. For conduction, the ther- 
mal resistance is Ry, cong = 8/( - A), and for convection it is defined as R 
1/(@eony A). 

Using this analogy and the concept of thermal resistance, it is now easy to un- 
derstand the limiting factors of heat transfer. A building wall constitutes a series 
connection of the thermal resistances of convection and conduction similar to an 
electrical series connection (Figure 4.9). 

For the building wall of Figure 4.8, the thermal resistance Rinside of the inner 
convection leads to the temperature drop from the inside air temperature T) to 
the inner wall surface temperature T; . Within the 1D wall, there is a linear tem- 
perature drop from Ts, to Ts, because of the thermal resistance Rwan» and the 
thermal resistance of the outer convection Rjutside leads to a drop from the outer 
wall surface temperature T, to the outside air temperature T). 

Obviously, the total heat transfer for the wall problem can be written 


» AT, T-T, 
R; Rotal 


Ll 


th,conv — 


(4.9) 


where AT; denotes the temperature drops at resistances R;. The total thermal 
resistance is the sum of the individual resistances 


1 1 1 
eae E ee ee S 4.10 
total -A Acond -A Č conv,out ʻA ! 


conv,ins 


As a consequence, the largest individual resistance dominates the total heat 
transfer. 


AT; ATo ATs _ ATtotat 


inside Rwa Routside Piotal 


Rinside Rwa Routside 


+} a 


AT, AT ' ATs ! Figure 4.9 Equivalent electrical circuit for heat 
Tı Tai Ts. Tp transfer through wall with convection on both sides. 


4.3 Selected Examples of Heat Transfer Problems 


For composite walls, it is often convenient to introduce an overall heat transfer 
coefficient U of a wall [1] (in Europe, it was previously also denoted by a k-value; 
in the United States, the reciprocal 1/U/ is also called the R-value [4]) by Eq. (4.11): 


Q=U-A-AT (4.11) 


U is given in W (m? K)~! and describes the amount of energy per second, which 
is transmitted through a surface of 1m? through a wall if the temperatures on 
both sides of the wall differ by 1 K. Adapting the actual surface areas and temper- 
ature differences then gives the total heat transfer according to Eq. (4.11) (for unit 
change to BTU/(h ft? F), see [4]). Comparing Eq. (4.11) with (4.9) gives 


1 1 


uU = — > 
Rotal ʻA 


i (4.12) 


= 


a a 


conv,ins cony,out 


where the conduction term involves the sum over all parts of a multilayer wall. 
Equations 4.9, 4.11, and 4.12 allow us to compute the total heat transfer rates if 
thermal resistances, that is, heat transfer coefficients, are known or, conversely, if 
the temperatures are measured. This shall be illustrated with a specific example 
of a composite wall (Figure 4.10). 

A brick wall that is 25 cm thick (A,r = 0.5 W (m KJ!) has on the inside a 12 mm 
thick layer of plaster (Api = 0.7 W (mK)~!) and on the outside a 60 mm thick 
layer of Styrofoam (A,, = 0.04 W (mK)~1). The Styrofoam is additionally covered 
with a thin layer of special plaster on the outside, whose thermal resistance is ne- 
glected for simplicity. The heat transfer coefficients for convection are assumed 
to be dinside = 8 W (m? K)! and doutside = 25 W (m? K)~1. From that the U-value 
is found to be U = 0.46 W (m? K)~1. It would decrease to about 0.31 W (m? K)7! 
if the Styrofoam layer increased in thickness from 60 to 100 mm. 

Assuming an inside temperature of T} = 20°C and an outside temperature of 
T, = —12°C, the total heat flow per area Q/A = U - AT (Eq. (4.11)) is then about 
14.7 W m~ for 60mm Styrofoam and 10.1 W m~? for 100mm Styrofoam. We 
only calculate internal temperatures for the 60 mm Styrofoam example. The inte- 


Figure 4.10 Example of composite stone wall of a 
Wall building for winter conditions (for details see text). 
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rior temperatures follow from inverting Eq. (4.9) to give 


Q ı 
AT. =~: — 4.13 
aver (4.13) 
with coefficients a; from Eqs. (4.1a), (4.1b), and (4.2). Starting from the inside, we 
obtain the following temperatures: 


Air in room inside Tı = 20°C 
Inside wall Ts, = 18.2°C 
Boundary plaster—brick Tg, = 17.9°C 
Boundary brick—Styrofoam Tg, = 10.6°C 
Outside wall Ts, = —11.4°C 
Air outside T, = —12°C 


that is, the freezing point temperature lies in the Styrofoam layer, as desired. 
The necessity of building insulation becomes evident if we consider a wall 
system where the Styrofoam layer is missing and the brick stone thickness is 
larger by 60mm such that the total thickness of 31cm is the same. In this 
case, U = 1.25 W (m? K)! and the total heat flow per area would increase to 
39.9 W m7, that is, about a factor of 2.7 larger than that with insulation. Besides 
much larger energy costs for heating, the freezing point lies within the bricks, 
which may cause structural problems if moisture enters the wall. 

Regarding the emerging energy crisis and consequent legislative measures like 
tighter energy conservation regulations for buildings, a typical future application 
of thermography may be the verification of building insulation by measuring U- 
values of building envelopes (Chapter 7). Table 4.6 gives some typical values for 
U for various materials or constructions. 


Table 4.6 Typical U-values for certain building materials. 


Material Thickness U 
(cm) (W (m? K)"') 
Walls 
Concrete wall, no thermal insulation 25 2 3.3 
Brick wall 25 21.5 
Brick wall plus thermal insulation 25+6 = 0.46 
Brick wall 31 2 1.25 
Massive wooden walls 25 = 0.5 
Wooden or plastic entrance doors of houses 3-4 
Windows (Section 4.3.4): 
Single pane 26 
Double pane x 2-3 


For passive houses 
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n Frame Glass 
me 3 cm 
Inside Ñ Outside 
Tı 
1.2m T, 
(a) (b) Distance 


Figure 4.11 Front view (a) and cross-sectional view of glass part alone (b) of double-pane 
window. 


4.3.4 
Heat Transfer Through Windows 


Windows are present in many thermography applications, in particular in build- 
ing inspections, and they are usually eye catchers in IR images. Owing to their im- 
portance, we present typical heat transfer characteristics. Problems in correctly 
interpreting surface temperatures are discussed in Chapter 7. 

Consider a window with a glass size of 1.2 x 1.2 m? and glass width of 4mm 
and thermal conductivity 1 = 1 W (m K)™+. The glass is surrounded by either a 
metal frame or a wooden frame 3cm wide and 5cm thick (A = 220 W (m K)“ 
and A = 0.15 W (mK)"1, respectively). The inside air temperature T; is 20°C and 
the outside air temperature T, is —10 °C. The problem consists in calculating the 
U-value, the heat flux through the pane and frame, and the surface temperatures 
for a single-pane window and a double-pane window. In the latter case, the two 
panes will be separated by 10 mm of pure air with 4 = 0.026 W (mK)"!. The inner 
and outer heat transfer coefficients for convection will be assumed to be inside = 
8 W (m? K) and a outside = 25 W (m? K)~!. Figure 4.11 depicts a front view of a 
window including the frame and a cross-sectional view of the glass part of the 
double-pane window. 

We start the analysis with the glass alone and add the frame later. First, Eq. (4.12) 
is used to estimate U of the single-pane glass: Usinge = 5.92 W (m? K)~". For the 
double-pane window (glass only), Waouble = 1-79 W (m? K)~1. From that the total 
heat transfer through the glass is found to be Q;ingle = 255.6 W and Qaouble = 
77.5 W. Using Eq. (4.13), the various glass surface temperatures are evaluated. For 
the single pane, one finds for the inside and outside glass surfaces Tg, = —2.2°C 
and Ts, = —2.9°C. Obviously, a single-pane window is more or less isothermal. 
The very low inside glass surface temperature even allows for the generation of 
frost flowers. The double-pane window has the huge advantage of having an air- 
filled gap with low thermal conductivity. The surface temperatures for windows 1 
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(facing inside) and 2 (facing outside) are found to be as follows: 


Air in room inside T, = 20°C 

Inside surface glass Ts, = 13.3°C 
First boundary: outside inner glass Tg, = 13.1°C 
Second boundary: inside outer glass Tg, = —7.6°C 
Outside surface glass Ts, = -7.8°C 
Air outside T, = —10°C 


Obviously, the window pane facing the inside now has much higher temper- 
atures, which should be above typical dew point temperatures (Section 4.3.6). 
However, the inside of the outer window is very cold; therefore, care must be taken 
to ensure that the gas filling contains no water vapor in order to avoid condensa- 
tion. Very often gas fillings with noble gases are used. 

Second, the heat transfer through the frame will be estimated (for simplicity 
we assume a solid metal or wooden frame and neglect the fact that the glass 
needs to be partly embedded within the frame). The total frame area is about 
0.148 m?, and Eq. (4.12) gives for the frame alone U,) frame = 6-0 W (m? K)! 
and Uwood-frame = 2-0 W (m?K)~1. Obviously, the heat transfer coefficients at the 
boundaries dominate the behavior. The heat flux through the frame alone is found 
to be Qa, = 26.8 W and Q,..4 = 8.9W. Adding up the total heat flux through 
window and frame, we can define U-values for the whole window. For the single- 
pane window, U,ingie,al = 5-93 W (m? K) and Usinglewood = 5-55 W (m? K), 
and for the double-pane window, Udouble,aı = 2-19 W (m? K)? and Ugouble,wood = 
1.81 W (m? Ky. 


4.3.5 
Steady-State Heat Transfer in Two- and Three-Dimensional Problems: Thermal Bridges 


In realistic applications, any object investigated by thermography is usually 3D. 
The heat transfer in the corresponding geometries is more complex than the 1D 
case. In particular, rectangular structures lead to a new phenomenon called a 
thermal bridge. Consider, for example, the walls of a house. Figure 4.12 depicts 
a cross section of a corner segment of an outside wall. For the sake of simplicity, 
a wall made of a single material is shown. Figure 4.12a shows schematically sev- 
eral isotherms (i.e., lines of constant temperature) within the wall for an inside 
temperature of 20°C and outside temperature (in winter) of —15 °C. Following the 
electrical analogy, isotherms in thermal physics correspond to equipotential lines 
in electrical situations. The current flows along electric fields, that is, the gradient 
of the electric potential. In the thermal situation, the heat flows along the gra- 
dients of the temperature distributions. This is indicated by the broken arrows. 


In the planar sections of the wall (bottom and right-hand side), the isotherms 
are parallel to the wall surfaces and 1D calculations may be used. In this case, the 
heat that is transported to the outside wall area A comes from a similarly large 
surface area at the inside of the wall. In the corner section, however, the heat flow 
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Temperature 


Dew point 
temperature 


f Corner 


(c) Horizontal distance 


Figure 4.12 (a) Schematic illustration of a ner, the blue area of the outside wall, through 
geometrical thermal bridge in a corner of a which heat is transferred to the outside air, is 
house during wintertime. The contours of much larger than the corresponding red area 
constant temperature (colored isotherms) are of the inside wall. (c) If the corner temperature 
curved and the heat flux is perpendicular to drops below the dew point temperature, mold 
them (broken lines with arrows). (b) Inthe cor- may grow. 


follows curved trajectories. As a result, there is a much larger outside wall area 
Aout (blue line in Figure 4.12b) than the corresponding inner wall area (red line 
Figure 4.12b), from which the heat is transported. As a consequence, the inner 
wall temperature must decrease in a corner (Figure 4.12c). For buildings this is 
very important: one must make sure that the corner temperature does not drop 
below the dew point temperature, that is, the temperature where condensation 
starts at the wall. If unnoticed, mold starts to build up. This can happen already 
in situations with relative humidity around 80%. 

Figure 4.12 is a schematic representation of the very general phenomenon called 
thermal bridge, which is observed in any building thermography. Thermal bridges 
can be due to geometry or to neighboring materials with different thermal prop- 
erties. Since thermal bridges lead to temperature differences, they are naturally 
present in IR images, and the corresponding temperature change need not be due 
to a bad insulation. Thermal bridges are particularly important since tempera- 
tures may drop below the so-called dew point. 
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Figure 4.13 Vapor pressure (red curve) and maximum absolute humidity as a function of air 
temperature. Maximum absolute humidity corresponds to 100% relative humidity. 


4.3.6 
Dew Point Temperatures 


In many applications of IR imaging, in particular from building thermography 
and outdoor inspections of industrial facilities, it is important to know whether 
the corresponding surfaces (of course, for otherwise dry weather conditions) are 
dry or wet since wet surfaces under wind load suffer evaporative cooling, which 
changes surface temperatures. Surfaces can become wet upon condensation of 
water vapor from the surrounding air, which happens whenever the air tempera- 
ture drops below the corresponding dew point temperature. 

Air at a given temperature is only able to accommodate a certain amount of 
water vapor. It is characterized either by the relative humidity or by the absolute 
humidity. The absolute humidity is a measure of the density of water vapor in air. 
Figure 4.13 depicts the maximum absolute humidity (corresponding to the sat- 
uration vapor pressure) as a function of air temperature. This is the maximum 
amount of water vapor that can be accommodated by air at this temperature. The 
relative humidity is a measure of the actual percentage of water vapor in the air 
in relation to the maximum possible water vapor content. Typical indoor situ- 
ations refer to 50% relative humidity. Whenever air contains more water vapor 
than the maximum possible amount, the water vapor will condense on surround- 
ing surfaces as droplets of a thin film. This usually happens during cold nights in 
spring or fall. Air of a given water vapor content, say 50% relative humidity, starts 
in the evening with a high temperature of, say, 20°C. This means that it contains 
0.50 - 17.3 g m7? = 8.65 gm? water vapor. During clear night conditions, the at- 
mospheric temperature may drop to less than 5°C. 

However, the relative humidity of the air increases during cooling since colder 
air cannot accommodate as much water as warm air. In the present case, the air 
reaches 100% relative humidity at a temperature of 9.3°C, which is the corre- 
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Figure 4.14 Dew point temperatures as a function of air temperature and relative humidity. 
For typical indoor temperatures of 20°C and air with 50% relative humidity, the dew point is at 
9.3 °C, that is, water will condense at any surface colder than 9.3 °C. 


sponding dew point temperature. Since the air cools further, the excessive water 
vapor in the air starts to condense on colder surfaces of leaves of trees, grass, and 
so on. If this happens indoors, water vapor condenses at inside walls, which may 
lead to mold. Therefore, building inspections must look quantitatively at low tem- 
peratures, for example, from thermal bridges in corners, and so on, and investigate 
whether dew point temperatures are reached. 

Figure 4.14 shows plots of dew point temperatures as a function of air temper- 
ature, the parameter being relative humidity. 


4.4 
Transient Effects: Heating and Cooling of Objects 


So far, steady-state conditions have been assumed, that is, situations such as those 
shown in Figure 4.6b,c. In many cases, however, IR imaging is done while an object 
is either heated or is cooling down. Imagine, for example, a building wall exposed 
to the sun. It will absorb visible radiation and heat up, disguising any thermal 
signature of insulation problems of the wall itself. Similarly, electrical equipment 
under load may change temperature upon load changes during an investigation. 
In what follows, the simplest theoretical description of temperature changes of 
solid or liquid objects due to heat sources is discussed. Only opaque objects will 
be assumed, and the analysis must be modified for semitransparent objects [5]. 
Later on, we also only compute Biot numbers for quasi-steady-state conditions 
and neglect the transient case, which would require a more complex analysis with 
the need to introduce the Fourier number (e.g., [6]). 
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4.4.1 
Heat Capacity and Thermal Diffusivity 


Whenever an amount AQ of heat is transferred to or from an object, the object 
temperature changes according to 


mcAT aj = AQ (4.14) 


Here, m denotes the mass of the object and c the material-dependent specific heat 
(which, to first order, is assumed to be independent of T). Of course, a certain 
time is needed to reach the new thermal equilibrium within the object. The spe- 
cific heat determines how much energy is needed for a given temperature change. 
Combined with the mass, m - c describes the energy storage ability of an object 
in Joules per Kelvin. To compare materials, one also uses the volumetric heat ca- 
pacity p - c given in J (m? K)~1, where p denotes the density of the material. This 
quantity describes the energy storage capacity of an object per volume. Table 4.7 
summarizes these quantities for a number of materials. 

Knowing the energy storage capacity of an object and its thermal conductivity, it 
is possible to define the thermal diffusivity a qig given in square meters per second 
(Section 3.6): 

ae (4.15) 

Diffusivity is defined as the ratio of thermal conductivity to energy storage ca- 

pability. Note that sometimes in the literature, diffusivity is denoted by a. We 


Table 4.7 Specific heat, density, and volumetric heat capacity of some materials at 20°C. For 
gases, the specific heat refers to constant pressure. 


Material Specific heat c Density p p:c 

(J (kg K)"') (gcm) (J (m? K)") 
Aluminum 896 2.7 2.42 - 10° 
Copper 383 8.94 3.42 - 10° 
Silver 237 10.5 2.49 - 10° 
Steel 420-500 6.3-8.1 (2.6—4) - 10° 
Concrete 840 0.5-5 4.2 -10°—4.2 - 106 
Stones 700-800 2.4-3 (1.7-2.4) - 10° 
Dry wood 1500 0.4-0.8 6- 10°-1.2 - 10° 
Foams Styrofoam 1300-1500 0.02-0.05 (2.6-7.5) - 104 
Glass 500-800 2.5-4.0 (1.25—3.2) - 106 
Water 4182 1.0 4.18 - 10° 
Oils 1450-2000 0.8-1.0 (1.2-2) - 10° 
Air 1005 1.29- 1073 1.3 - 10° 


CO, 837 1.98 - 10-3 1.7 - 10° 
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Table 4.8 Thermal diffusivity for certain materials. For those with varying composition (steel, 
concrete, stones, wood, glass, oil) either specific materials or reasonable average values are 
given. 


Material Ajit Material Oaitt Material Ajit 
(metals) (m? s71) (other solids) (m? s7!) (liquids, (m? s71) 
gases) 

Aluminum 90-1076 Concrete, 0.66 -1076 Water 0.14 - 1076 

(99%) Stones 

Copper 110-1076 Dry wood 0.17 -1076 Synthetic oil 0.11 - 10-6 

Silver 170 - 1076 Foams, Styro- 0.7 - 1076 Air 20-1076 
foam 

Stainless steel 4.1076 Quartz glass 0.85 -1076 CO, 9.4 - 1076 


stick to daig since a is already used for the various heat transfer coefficients. The 
meaning of diffusivity becomes clear from a specific example. Consider a cube 
or sphere of a certain material at a given temperature immersed in a liquid of 
much higher temperature. The larger the thermal conductivity and the smaller 
the energy storage capacity within the object, the faster thermal equilibrium can 
be established. Therefore, large values of a qig mean that objects/materials will re- 
spond very quickly to thermal changes, establishing a new thermal equilibrium, 
whereas small values reflect materials where the corresponding processes take 
longer. Table 4.8 compares the thermal diffusivity of a number of materials. 

As shown in Table 4.8, metals have large diffusivities, that is, they redistribute 
heat much more quickly than other solids or liquids. 


4.4.2 
Short Survey of Quantitative Treatments of Time-Dependent Problems 


The spatial and time-dependent distribution of energy in an object due to temper- 
ature differences is described by the heat diffusion equation [1] . The general form 
includes energy source or sink terms and the possibility of anisotropic thermal 
properties. Here we consider the simplest case of 1D heat transfer with no source 
or sink terms. In this case, the change of temperature with time at a given location 
within the object is connected to the spatial changes of temperature (Eq. (4.16)): 


OT (x,t) _ ae 0° T(x, t) 


ot Ox? (Ae) 


Here, a is the thermal diffusivity, introduced earlier (Eq. (4.15)). Equation 4.16 
determines the temperature distribution completely, provided boundary condi- 
tions (e.g., initial temperature distribution, initial heat flux) are given. Unfortu- 
nately, Eq. (4.16) and, in particular, its 3D analog can only be solved analytically 
for a few special cases; mostly it is solved numerically. Here we sketch the solu- 
tion for temperature distributions of the simple geometries of plane, cylinder, and 
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Table 4.9 Dimensionless quantities commonly used to represent solutions for T(x, t). 


Quantity Dimensionless tem- Dimensionless time Biot number 
perature © (Fourier number) 
T-T, z i a, 
Definition © = a peta Ri = 2 
T start — Too s? pee: s2 a 
Ss 
Meaning Fraction of realized Ratio of heat transfer to Ratio of heat transfer at 
temperature change change in stored ther- boundary to that within 
mal energy of object object 
0.001 0.01 i 10 100 1000 


Biot number 


Figure 4.15 Schematic plots for dimensionless surface temperature © of a sphere as a func- 
tion of Biot number, with the Fourier number as parameter (for details concerning the example 
(red line) see text, after [7] ). 


sphere upon a sudden change in temperature of the surrounding (think of putting 
an object in a fluid of different temperature). 

The geometries are approximated by 1D objects, that is, we treat a plate of thick- 
ness 2s in the x-direction, but of infinite dimension in the y- and z-directions. An 
infinitely long cylinder with radial coordinate x and a sphere defined by its ra- 
dius x are treated in a similar fashion. The solution T(x, t) is usually expressed in 
terms of dimensionless temperature, dimensionless time (Fourier number), and 
Biot number (Table 4.9). T(x, t) is then written as a so-called Fourier series ex- 
pansion. Its numerical results are often depicted in terms of temperature at object 


surface (T urface), temperature at object center (T enter) and temperature averaged 
over the object (T, ) as a function of Biot number, with the Fourier number 


average 
being a parameter. 


As an example, Figure 4.15 depicts results for the dimensionless surface tem- 
perature © of a sphere (similar results can be found for the other geometries [7]). 
Such figures can be used to graphically solve problems of transient phenomena. 
As an example, let us assume a sphere of diameter 2R that is initially at tempera- 
ture Ty. At time ¢ = 0 it is put into a fluid (the fluid, for example water, is assumed 
not to change its temperature upon heating up the sphere) at temperature T The 
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problem is to use Figure 4.15 to find the surface temperature as a function of time 
(and from similar plots the temperature at the center and the average temperature 
of the sphere). The solution is simple. One needs to calculate the thermal diffu- 
sivity, Biot number, and Fourier number as a function of time. For boiling water, 
one must assume a meaningful value for the convective heat transfer coefficient. 
The solution is then found as follows. Draw a vertical line at the position of the 
Biot number, which is relevant for the problem (e.g., red line in Figure 4.15). The 
intersections with the curves belonging to different Fourier numbers give the di- 
mensionless temperatures for that Fourier number, which actually is a measure 
of time. Schematic results for the surface, center, and average temperatures of the 
sphere problem with small Biot numbers are given in Figure 4.16 for heating from 
20 to 100 °C or cooling from 100 to 20 °C. They can be directly related to the tem- 
perature distribution within the sphere, as shown in Figure 4.16c (similar to plots 
in Figure 4.7). 

Figures 4.15 and 4.16 illustrate the problems associated with the interpreta- 
tion of surface temperature changes of spatial temperature distributions within 
objects. Figure 4.16, however, also shows that for small Biot numbers (as in this 


case), T surface Still resembles a more or less reasonable approximation for the av- 
erage temperature T yerage: 
44.3 


Demonstration of Transient Heat Diffusion 


The transient diffusion of heat can be nicely visualized in a simple experiment that 
is often shown in introductory thermography training courses. A flat-iron or other 
compact heater is placed on top of a thick book with many pages, for example, a 
phone book, for a certain amount of time. Heat will be conducted from the iron to 
the book. How fast this happens depends on the energy storage of the paper pages 
and the thermal conductivity. As a qualitative result, it is obvious that deeper parts 
of the book will have reached lower temperatures only and that with increasing 
depth there will also be an increasing lateral heat diffusion. This can be observed 
easily with an IR camera by just flipping the pages after removing the iron. We 
will discuss this in more detail in Section 5.3.3. 


4.4.4 
Typical Time Constants for Transient Thermal Phenomena 


In thermography, it is convenient to describe and interpret a thermal steady-state 
solution. Unfortunately, one often encounters situations where one observes a 
heating or cooling of objects owing to thermal contact with another object, owing 
to heat sources or sinks within the object, and so on. Whenever this happens, the 
interpretation of IR images can become complex. In this case, it is desirable to at 
least have a best guess for the respective time constants associated with tempera- 
ture changes. This will be illustrated for cooling processes that are analyzed using 
IR imaging. 


377 


378 


4 Some Basic Concepts in Heat Transfer 


100 
= 80 
gs 
D 
=. 
5 60 Surface 
2 Average 
€ 
°° 40 Center 
20 
0 20 40 60 
(a) Time (a.u.) 


Center 
Average 


Surface 


Temperature (a.u.) 


80 100 


0 20 40 60 80 100 
(b) Time (a.u.) 
Teie 
average 
surface 
(c) 4 Center Å Surface 


Figure 4.16 Schematic representation of 
surface, center, and average temperature of 
a sphere at a small Biot number, heated (a) or 


temperature distributions within the sphere 
are depicted in (c). From such curves one may 
determine the corresponding time constants 


cooled (b) due to an abrupt temperature, after as indicated for the surface temperature plots. 


dropping it into a fluid. The corresponding 
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4.4.4.1 Cooling Cube Experiment 

Aluminum metal cubes with side lengths of 20, 30, 40, and 60 mm were heated 
up in a conventional oven on a metal grid. The cubes were covered with a high- 
temperature stable paint to provide high emissivity (in detail, three sides were 
covered with paint of e = 0.85, whereas the other three sides were left as polished 
metal of e ~ 0.05). Ample time for the heating was given such that all cubes were 
in thermal equilibrium within the oven at a temperature of 180°C. The IR imaging 
experiment started when the oven was opened and the metal grid with the cubes 
was placed on thermal insulation on a table. Figure 4.17 shows two snapshots of 
the cooling process. 

Obviously, the smallest cubes cool best, as can also be seen in the temperature 
profiles as a function of time (Figure 4.18). The temperature as a function of cool- 
ing time can be fitted with a simple exponential decrease, as seen in the expanded 
plot in Figure 4.18. Since we are dealing with small Biot numbers, this can be ex- 
plained by simple theoretical assumptions. 


44.4.2 Theoretical Modeling of Cooling of Solid Cubes 

For the metal cubes, the Biot numbers follow from the values of heat conduc- 
tivity 1 ~ 220 W (mK)"], size s between 20 and 60mm, and typical values for 
heat transfer coefficients for free convection (solids to gases) in the range 2 to 
25 W (m? K)~!. We find 1/s between 11000 and 3667 W (m? K)“!, giving Bi « 1, 
that is, we can expect a temperature equilibrium within any of the metal cubes. 
Supposing an initial temperature T,,;(¢ = 0) = To of the cubes, energy conserva- 
tion requires that any heat loss will lead to a decrease in the thermal energy of the 
cube, that is, 


dToy 
MET = =O oad = Qeonv T Qrad (4.17) 
where m is the mass of the cube, c the specific heat (here assumed to be indepen- 
dent of T), and dT,,;/ dt the decrease in (uniform) the temperature of the objects 
(here cubes) due to the losses. Note that the signs of the (positive values of the) 
heat flows Q; must be chosen properly to account for either cooling or heating 
processes. Here we assume initially a hot object that cools down, so there must 
be a minus sign in the differential Eq. (4.17) to ensure that dT < 0 for a positive 
time interval dt. For a heating process, there would be a positive sign of the heat 
flows leading to dT > 0. 

Using Eqs. (4.1)—(4.3) for the heat losses would lead to a nonlinear differential 
equation, which would be difficult to solve analytically. However, if the radiative 
cooling contribution can be used in the linearized form (Eq. (4.5)), then Eq. (4.17) 
turns into a conventional linear differential equation: 


MC 


dTobj 
dt = —rotal * A: (Tobj ~ Tyurr) where (4.18) 


Atotal = ond + Veony + Oraa = Ac FE“ O° Kae 
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Figure 4.17 Two thermal imaging snapshots (a,b) during cooling of paint-covered aluminum 
cubes of different sizes and visible image (c) showing cubes on a grid and thermal insulation 
on lab table. 


Here æç accounts for the sum of conduction and convection. Using the boundary 
conditions Typ ;(¢ = 00) = Tyy,, and Toj(t = 0) = To we find 


FT ie OO Tate) e7? with time constant (4.19a) 
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cooling time for aluminum cubes of various portion can illustrate the differences between 
sizes (a) and example of a simple exponential theory and experiment. 
fit for 40 mm cubes. (b) The fit is so close to 


_ pc(V/A) 
T= 


otal 


(4.19b) 


Here, p is the density of the object material, c is the specific heat, and the volume- 
to-surface ratio V/A is proportional to x, the length of the cube. Equation 4.19 
predicts that the difference between initial temperature Tọ and surrounding 
air temperature T,,,, drops exponentially. The characteristic time constant 
t describes the time after which the temperature difference has dropped to 
1/e = 0.368 of its original value. In this type of problem, it depends on the ratio 
of size/ aoa. AS expected, the larger the size and the smaller the effective total 
heat transfer coefficient, the longer it takes to cool the cube. 
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4.4.4.3 Time Constants for Different Objects 

For the practitioner it is important to get a feeling for the time constants T in- 
volved in the heating and cooling of objects. In what follows, several examples are 
given for typical values/ranges of r. Rather than analyzing every situation in de- 
tail, order-of-magnitude estimates are given using Eq. (4.19), assuming a constant 
rota = 15 W (m? K)™! for the sum of convective and radiative heat transfer. Ta- 
ble 4.10 gives a summary. Numbers are rounded to give an indication of the order 
of magnitude. Equation 4.19 is based on the validity of Bi < 0.1. In all cases where 
Bi is larger, the time constants represent lower limits, that is, real times will be 
even longer. It must be kept in mind that within one time constant, a temperature 
difference AT only decreases to (1/e) - AT, that is, thermal equilibrium requires 
at least about five time constants. 

Obviously, time constants for large buildings or walls can be in the range of 
many hours. This is crucial in outdoor building thermography, in particular if 
solar load or night sky radiant cooling are effective as time-dependent additional 
heat sources or sinks (Chapter 7). 

Estimating time constants is easy if the temperature varies exponentially with 
time, as given in Eq. (4.19). The validity of the underlying assumption that the total 
heat transfer rates depend linearly on the temperature difference (sometimes this 
dependence is denoted as Newton's law) is, however, not straightforward. As a 
matter of fact, it is quite surprising that the linearization of Eqs. (4.4) and (4.5) 
seems to work over the extended temperature range of around AT = 100K, as 
indicated in Figure 4.18. As shown in what follows, this unexpected behavior can 
be explained by the result that whenever temperature differences are below 100 K, 


Table 4.10 Typical time constants for heating and cooling of objects. 


Object Dimensions Material con- Comment Time constant 

stants T (S) 
Aluminum 20 to 60mm p = 2700 kg m~? = 500 to 1500 
metal cube c = 900J (kg K)-! 
Halogen light Thickness p = 2500 kg m~? = 100 
bulb 1mm c = 667 J (kg K)7! 
Liquid con- Cylinder, for p = 1000 kg m~’ Container Order of 4000 
tainer for 0.5 L example, c = 4185 J (kg K)! material can 
water R = 3.35 cm, for water add to heat 

h = 14.2cm capacity and T 

Single brick 24x12x8cm? p = 1500 kg m~’ Typical for = 1700 
stone c = 850J (kg K)7! buildings 
Concrete 0.3x0.3x1m? p = 2000 kg m~’ Typical for = 10000 

c = 850J (kg K)-! building foun- 

dation 

Stone wall 0.24x3x10m? p = 2000 kg m~’ Typical for = 14.000 


c = 850 J(kg K)? 


stone build- 
ings 
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a simple exponential function is sufficient to explain the heating and cooling of 
objects. In this case, time constants as derived previously may be used as estimates 
for the transient thermal behavior of the objects. 


4.5 
Some Thoughts on the Validity of Newton’s Law 


The cooling of objects with small Biot numbers according to Eq. (4.18) leads to an 
exponentially decreasing temperature difference with time (Eq. (4.19)). We briefly 
summarize the assumptions that led to Eq. (4.19), sometimes referred to as New- 
ton’s law of cooling [8]: 


1. The object is characterized by a single temperature (Bi < 1). 
For small temperature differences AT (i.e, AT <K Tob Tsur with absolute 
temperatures in K), radiative heat transfer may be approximated by its lin- 
earized form, where the heat transfer coefficient is constant (does not depend 
on temperature). In what follows, we discuss in detail how small A T must be. 

3. The convective heat transfer coefficient is assumed to remain constant during 
the cooling process. 

4, The temperature of the surroundings stays constant during the cooling pro- 
cess; this means that the surroundings must be a very large thermal reservoir. 


5. The only internal energy source of the object is the stored thermal energy. 


It is quite easy to experimentally fulfill requirements 1, 4, and 5. The convec- 
tive heat transfer (3) assumption is more critical. In experiments, it can be kept 
constant using steady airflow around objects, that is, for forced convections. If 
experiments use free convections, «e = @ony + cona May depend on the tem- 
perature difference. Usually convection dominates in a, which explains why one 
often refers to æ, as the convection term. In the following theoretical analysis, 
however, we focus on the influence of the linearization of radiative heat transfer. 
In particular, we discuss the question of whether the linearization of Eq. (4.18) 
also works over extended temperature ranges. 

In amore accurate description of the cooling process, the radiation contribution 
is treated in its original nonlinear form: 


d T obj 


mc dt =a, ‘A: (Tobj E Tur 


4 4 
)-e:0-A: (Tij Tin) (4.20) 


4.5.1 
Theoretical Cooling Curves 


Equation 4.20 was numerically solved for a specific example of initially hot painted 
40 mm aluminum cubes since such cubes were used in one of the experiments. 
They may serve as a theoretical model system with simple geometry. The cooling 
depends on three parameters: cube size (in general, this relates to the energy stor- 
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Figure 4.19 Numerical results of Eq. (4.20) for aluminum metal cubes. (a) Variation of heat 
transfer coefficient aç from 1 to 100 W (m? K)! for fixed size (s = 40 mm) and £ = 0.9. (b) Varia- 
tion of emissivity for fixed ac = 10W (m? K)~" and cube size s = 40 mm. 


age capability of the object), convective heat transfer coefficient (in this example, 
a cube in air, a, is determined by convection), and object emissivity, that is, the 
contribution of radiative heat transfer. The variation of cube size directly relates 
to the fact that the time constant for cooling is linearly proportional to size. 

Figure 4.19 depicts the results while varying convection and emissivity indepen- 
dently in semilogarithmic plots. Newton’s law, being exponential as in Eq. (4.19), 
would be represented by straight lines in these plots. 

Obviously, one observes curved cooling plots, that is, deviations from the sim- 
ple exponential behavior (straight line) for all investigated sizes. Variation of the 
heat transfer coefficient a, (Figure 4.19a) has a strong impact on the linearity of 
the plot. The larger a, the more the plot follows a straight line. Similarly, the vari- 
ation of emissivity (Figure 4.19b) shows that very small emissivities (e.g., € < 0.2), 
that is, small contributions of radiative heat transfer, clearly favor Newton's law, 
that is, exponential cooling. In practice, € cannot be varied in such wide ranges. 
Polished metal cubes will have e values on the order of 0.1, whereas those painted 
with high-emissivity paint will have emissivities around 0.9. For experiments, in- 
termediate values for the total radiative heat transfer may be realized by painting 
only a few sides of the cubes and leaving the others polished. 


4.5 Some Thoughts on the Validity of Newton's Law 


The numerical results of Figure 4.19 were, of course, expected because they are 
a direct consequence of Eq. (4.20), which explains the conditions for having ei- 
ther linear or nonlinear behavior. If the convection term is large and the radiation 
contribution small, linear plots are expected, and vice versa, whereas changing 
the size (ratio of mass and area) only has an effect on the timescale of the cooling 
process. 

The degree of deviation from a straight line is depicted for three different heat 
transfer coefficients «cony of 3, 10, and 30 W (m? K)~! for 40 mm cubes and e = 0.9 
in Figure 4.20. The initial temperature differences were assumed to be 700K in 
relation to ambient temperature. 

It is quite obvious that all plots show deviations from straight lines (red broken 
lines), which nicely fits the low temperature data. The larger the heat transfer a, 
the smaller the deviations. For low convective losses of only 3 W (m? K)-1, devia- 
tions can be expected for temperature differences as small as 40 K. In contrast, for 
very high convective losses of 30 W (m? K)~1, simple exponential cooling seems to 
work quite well for AT < 100K. 

The results demonstrate that there is no general number for AT describing the 
range of validity of Newton's law. Rather, the corresponding temperature range 
depends on the experimental conditions and how closely one looks for deviations. 
Plotting data only for small temperature differences can lead to the impression 
that the straight-line fits work quite well since deviations are not as pronounced 
as for the high temperature range. 

We finally consider two extreme cases for cooling of objects, one where radia- 
tion dominates and another where convection dominates the cooling process (i.e., 
Ac & Acony)- Results are depicted in Figure 4.21. The smallest imaginable realistic 
value for convective heat transfer is in the 1 W (m? K)~1 range, and the largest cor- 
responding radiative heat transfer occurs for black bodies, that is, setting € = 1.0, 
as may be realized by metal cubes covered with high-emissivity paint. In this case, 
the cooling curve starts to deviate from Newton's law for AT ~ 30K. In contrast, 
polished metal cubes with low emissivity reduce radiation losses. The convective 
losses may simultaneously be enhanced by directing fans with high air speed onto 
the objects. In this case, very high values of up to 100 W (m? K)~! seem possible. 
In this case, no deviation from the straight line plot is observable, that is, Newton’s 
law would hold for the whole temperature range of AT = 500K. 


4.5.2 
Relative Contributions of Radiation and Convection 


To further understand the relevance of the nonlinearities during the cooling of ob- 
jects, we now consider the relative contributions of radiation and convective heat 
transfer (again, we assume that a- is dominated by convection). Quick estimates 
for special cases are possible using Eqs. (4.2) and (4.3). Even close to room temper- 
ature, radiative losses are surprisingly large. This must be noted since many argue 
that radiation losses can be neglected close to room temperature, which is incor- 
rect. Let us assume a background temperature of x 20°C, that is, T urr = 293 K. At 
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Figure 4.20 Theoretical cooling of aluminum the red broken lines, which closely describe 
metal cubes with size 40 mm ande=0.9for the low temperature data, but show devia- 
different heat transfer coefficients a.,,, (a-c). tions for larger temperatures. 

Newton's law would be a straight line such as 


300 K, a blackbody (e = 1) will then have an emission (Eq. (4.3)) of (459.3 W m-?— 
417.9 W m7), that is, about 41 W m7, which is of the same order of magnitude as 
typical convection losses of 63 W m7? (for ac = 9 W (m? KJ!) or 14 W m™? (for 
ac = 2W (m?K)-). 
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Figure 4.21 Extreme cases of cooling of aluminum metal cubes (s = 40 mm): small convection 
with large radiation heat transfer (a) and large convection with small radiative heat transfer (b). 


Figure 4.22 depicts the relative contributions of convective and radiative heat 
transfer for the 40 mm aluminum cubes by assuming € = 0.9 and three different 
values, 3, 10, and 30 W (m? K)~1, for convective heat transfer. 

For a very small convective heat transfer of 3 W (m? K)“}, radiation dominates 
the total energy loss of the object from beginning to end. This easily explains why 
in this case one would necessarily expect strong deviations from Newton’s law 
for small temperature differences. For larger convection coefficients like 10 or 
30 W (m? K)-}, there is a transition temperature difference where the dominant 
cooling changes from radiation to convection. For 10 W (m? K)~!, this happens 
at AT = 137K (after ~ 840s in a T(t) plot), and for 30 W (m? K)~! it happens at 
AT = 415K (after 112s). Qualitatively, it makes sense that the higher this tran- 
sition temperature difference, the larger the range of validity of Newton’s law of 
cooling. For a convective heat transfer of 100 W (m? K)~! and e = 0.1 (Figure 4.21), 
convection would dominate radiation right from the beginning, which easily ex- 
plains the linear plot. 
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Figure 4.22 Relative contributions of con- heat transfer coefficients, radiative cooling is 
vection and radiative cooling of aluminum dominant throughout the cooling process, 


cubes of 40 mm size with £ = 0.9 asa function whereas for larger convection there will be a 
of temperature. The initial temperature was change in the dominant cooling contribution 
993 K, that is, AT = 700 K. For small convective at a certain temperature. 


4.5 Some Thoughts on the Validity of Newton's Law 


The theoretical analysis make it clear that radiative cooling should lead to devi- 
ations from Newton's law of cooling above critical temperature differences, which, 
in some of the discussed cases, were below 100K. This raises the question as to 
why many experiments report the applicability of Newton’s law for a temperature 
difference of up to 100 K. The answer is simple [8]: if one waits long enough, any 
cooling process can be approximately described by a simple exponential function. 


4.5.3 
Experiments: Heating and Cooling of Light Bulbs 


Owing to the oven used, the aluminum metal cubes could only be heated to about 
180°C. At these temperatures, the curvature of the cooling curves is not yet very 
pronounced, though definitely observable [8]. Therefore, to study higher temper- 
atures experimentally, we used light bulbs. Several light bulbs with differing lev- 
els of power consumption and size were tested. Experiments were performed us- 
ing small halogen light bulbs (nearly a cylinder, 11 mm in diameter and 17 mm in 
height) (Figure 4.23). Figure 4.24 shows an IR image of the halogen bulb when hot 
and measured surface temperatures. 

For the following analysis, the maximum temperatures in a small area around 
the top of the light bulb were used. A test using average rather than maximum 
temperatures within the indicated area showed that the general form of normal- 
ized T(t) curves as in Figure 4.24 changed very little, that is, conclusions drawn 
from time constants derived from these data do in fact hold. 

For the measurement in Figure 4.24 the halogen light bulb was powered up until 
an equilibrium temperature was reached; then the power was turned off and the 
cooling curve recorded. Compared to the cooling of the metal cubes with times 
on the order of 1000s, the cooling of the light bulb occurred much faster. This is 
mostly due to the small amount of stored thermal energy in the mass of the light 
bulb. This again illustrates the characteristic fact that small systems with small 
stored energy c - m - AT reach equilibrium much faster. The smaller the system, 
the smaller the corresponding time constants (Table 4.10, also Chapter 9). 


Figure 4.23 Example of investigated light 
bulbs. Samples were placed in front of a 
room temperature cork board. 
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Figure 4.24 Halogen light bulbs reach maximum temperatures > 330°C with small relative 
temperature variations (a). The heating and cooling of the halogen light bulb covers a temper- 
ature difference of more than 300 K (b). 
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Figure 4.25 Equivalent electrical circuit representing heating and cooling of an object. Its heat 
capacity resembles the capacity. The thermal losses via convection/conduction and radiation 
are represented by two resistances in parallel. 
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Similar to Section 4.3.3, the heating and cooling of objects can be described 
by equivalent electrical circuits. Figure 4.25 depicts a RC circuit that can be con- 
nected to a voltage supply. The capacitor resembles the light bulb, and the resis- 
tances correspond to the losses due to convection and radiation. The charging of 
the capacitor corresponds to heating of the light bulb, the discharging to its cool- 
ing. Obviously, the voltage across the capacitor shows the same behavior as the 
temperature of the light bulb. 
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Figure 4.26 Cooling of halogen light bulb. 259.3 K). For the smallest temperatures, the 
Again, deviations occur for AT > 100K, as signal is very noisy. This is due to the fact that 
indicated by the straight line (a). The data the temperature range of the camera was 


can be fitted by a double exponential fit (b), fixed at 80-500 K during the measurement; 
where the time constant of the initial part is hence, data below 80 K must be considered 
16.7 s (amplitude 37.7 K) and that of the part with care. 

with the slower decrease is 77.3 s (amplitude 


Experimental results for the cooling of the halogen light bulb (Figure 4.26) are 
nicely represented by an exponential for small AT values, but they deviate for 
larger AT. This is exactly as expected theoretically. 
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Chapter 5 
Basic Applications for Teaching: Direct Visualization of Physics 
Phenomena 


5.1 
Introduction 


Infrared (IR) thermal imaging allows quantitative and qualitative imaging of a 
multitude of phenomena and processes in physics, technology, and industry. Al- 
ready over 15 years ago, thermography was proposed as a supporting qualita- 
tive visualization and quantitative measurement tool for physics education [1- 
3]. Meanwhile it has become increasingly popular for science and in particular 
physics teaching in schools as well as at universities since it allows visualization 
of phenomena dealing with (sometimes minute) energy transfer, which cannot be 
easily demonstrated with other methods [1—10]. In this chapter, the focus is on se- 
lected applications of qualitative IR imaging of phenomena for physics education. 
The examples should not only help to motivate students and increase their interest 
in natural sciences, but they should also inspire teachers to perform more exper- 
iments, thereby further demonstrating how IR imaging can be used in teaching 
physics and in visualizing fundamental principles and processes. Unfortunately, 
seemingly simple phenomena very often involve complex explanations. There- 
fore, despite the simplicity of the phenomena, a complete quantitative analysis is 
far beyond the scope of this chapter. The topics are arbitrarily divided into the 
classical categories of physics,, mechanics, thermal physics, electromagnetism, 
and optics, followed by radiation physics as an example for using thermography in 
“modern physics.” Of course, many other applications, which are treated in other 
chapters can and should be used for physics teaching such as, for example, ther- 
mal reflections (Section 3.4.1), detection of gases (Chapter 8), building insulation 
(Chapter 7), heating and cooling of objects (Sections 4.4 and 4.5), heat sources in 
electrical components (Sections 10.3 and 10.4), and so on. More details regarding 
the physics of the various phenomena can be found in nearly every textbook on 
introductory physics (e.g., [11-13]). 


Infrared Thermal Imaging, Second Edition. M. Vollmer and K.-P. Méllmann. 
©2018 WILEY-VCH Verlag GmbH & Co. KGaA. Published 2018 by WILEY-VCH Verlag GmbH & Co. KGaA. 
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5.2 
Mechanics: Transformation of Mechanical Energy into Heat 


A very important field for IR imaging in physics education is the visualization of 
mechanical phenomena involving friction. These most important everyday phe- 
nomena concern our ability to move around. Walking, riding bicycles and mo- 
torcycles, and driving cars are only possible due to frictional forces between the 
shoes/tires on the one hand and the floor/street on the other hand. Whenever 
some force acts along a given direction for a given distance, work is done that is 
eventually converted into thermal energy (often but not very precisely denoted 
as heat). For sliding friction, the work due to the frictional force will ultimately 
lead to a temperature rise of the two areas that are in contact. The situation is 
slightly different for static friction, which is the physical basis for walking or driv- 
ing on vehicles with wheels. For example, a microscopic model of rolling friction 
includes inelastic deformations of one or both of the touching objects. These will 
also produce heat, which can be made visible with IR imaging. 


5.2.1 
Sliding Friction and Weight 


Whenever two dry unlubricated solid surfaces slide over each other, there are fric- 
tional forces, which can be expressed by the empirical law Faiction = A * Enormal? 
where y < 1 is the coefficient of friction and F ormaj is the normal force with which 
each surface presses onto the other (e.g., [11—13]). One distinguishes coefficients 
for static friction Astatic (no Movement yet) and for kinetic friction Apinetio that 
is, after a sliding of the two surfaces has been realized. Some typical -values for 
sliding friction, for example, for wood on wood or a car tire on the pavement of a 
street, are in the 0.5 range. If some object is, for example, sliding across the floor, 
work must be done against frictional forces. Imagine that after a while the objects 
have a constant sliding velocity. In this case, the work is only used to overcome 
the kinetic frictional forces. It is ultimately converted into thermal energy, that is, 
the temperature of the two sliding surfaces will rise. 

To analyze these effects of frictional energy transfer in more detail, two differ- 
ent weights, 1 and 5kg, were placed on small wooden plates and drawn simul- 
taneously at constant speed across the floor (Figure 5.1). The heavier weight led 
to a much larger warming of the floor, as expected since the normal force was 
increased by a factor of 5. The plate surfaces were also heated up (not shown 
here). This experiment qualitatively demonstrates the effects of frictional forces 
in mechanics. A quantitative analysis would be quite complex. First, it requires 
exact measurements of frictional forces. Second, the corresponding mechanical 
work is split up into heating of both surfaces, depending on their thermal material 
properties. Third, the diffusion of thermal energy from the directly heated contact 
surfaces into the interior of the material leads to transient effects, which means 
that a realistic modeling would require recording time sequences of this problem. 

Figure 5.2 schematically illustrates (for the floor surface only) the transient ef- 
fects of thermal energy diffusion into the bulk of the solid. It depicts a small object 
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Figure 5.1 Two weights of 1 kg (right) and 5 kg (left) were placed on wooden plates and si- 
multaneously drawn across the floor. The differing temperature rises of the floor are easily 
observed. 
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Figure 5.2 Transient thermal phenomenain varying surface temperatures. The distance 
sliding friction experiments arise from the fact of energy diffusion into the bulk material as 
that thermal energy diffuses into the bulk ma- a function of time is indicated by the semicir- 
terial, giving rise to time-dependent spatially cles. 


(blue-green) that is moving at constant speed across a solid surface. Three snap- 
shots are shown at times ¢,, t, and t, at which the object was at location x,, x5, 
and x3, respectively. Owing to the work done by the object, the temperature at 
the contact spots rises to a maximum and then drops as a function of time due 
to, first, a lateral diffusion, second, a diffusion of the energy into the bulk mate- 
rial, and third, heat transfer to the air. This transient behavior is characteristic of 
sliding friction phenomena. 

Obviously, very simple looking basic physics phenomena become very complex 
in a realistic and quantitative analysis. This, however, is beyond the scope of this 
chapter, which only presents qualitative visualizations of physics phenomena. 


5.2.2 
Sliding Friction during Braking of Bicycles and Motorcycles 


Very similar to the rising temperature of sliding planar surfaces as in the preceding 
example, the surfaces of bicycle, motorcycle, or automobile tires heat up during 
braking with blocked tires. The temperature of the contact spot of the tire with 
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Figure 5.3 Sliding friction causes temperature on the floor is illustrated as temperature pro- 
to rise during braking of a bicycle tire with a file along a line perpendicular to the trace on 
blocked wheel, using the back pedal brake the floor (c), recorded several seconds after 
(a,b). The heat transfer into adjacent locations braking. 


the pavement rises very quickly whenever the kinetic energy of the vehicle will 
be transferred into thermal energy. Figures 5.3 and 5.4 depict the temperature 
rise of the floor as well as of the tire on a bicycle after applying the back pedal 
brake and on a motorcycle on the road. For a motorbike braking from an initial 
velocity of 30 km h™t, temperature rises can easily add up to more than 100K for 
the tire. The temperature rise of the floor again depends on the floor material, 
its thermal conductivity, heat capacity, and so on. It is usually smaller than that 
on the tire since the thermal energy is spread over a much larger area during the 
braking procedure. Figure 5.3c shows the temperature across the braking trace on 
the floor. It may be easily observed as a function of time, illustrating the transient 
thermal effects. 

The repeated heating during acceleration and braking of racing cars is nicely 
shown in a YouTube video [14]. In addition, Figure 5.5 illustrates the circular slid- 
ing of Red Bull Racing car tires on a road demonstrating the enormous thermal 
energies involved (see also the YouTube video in [15]). 

A very similar sliding friction phenomenon involves the use of the rim brakes. 
The contact between the friction pads (usually made of some kind of rubber) and 
the metal rim of the rotating wheel again uses sliding friction forces to transform 
kinetic energy into thermal energy. Therefore, the rim itself as well as the friction 
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Figure 5.4 (a,b) Low-resolution LW camera image of braking of a motorcycle with blocked 
tires. The tire temperatures reach up to 100°C immediately after stopping. (c) High-resolution 
image recorded with high-speed camera and smaller integration time. 


Figure 5.5 Red Bull Racing car with tire and road heating upon skidding on pavement. Cour- 
tesy Infiniti Red Bull Racing. 


pads can become very warm. Figure 5.6 depicts the wheel before (panel a) and 
after (panel b) a braking maneuver. 

Braking maneuvers with blocked tires are not good for the tires. The hot spots 
on the tires are accompanied by greater material ablation at those locations. This 
means that the lifetime of a tire will decrease with repeated braking maneuvers of 
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(a) 


Figure 5.6 Sliding friction causes temperature rises during braking of a bicycle tire with a 
blocked wheel using the rim brake. 


35.0 °C 


27.0 °C 


(b) 


this type (the same happens for so-called jackrabbit starts where the accelerator 
pedal is pushed hard such that the wheels skid, leaving a black rubber trail like 
that left after braking with a blocked tire). In addition, the braking itself is not as 
efficient since the coefficient of sliding friction is lower than that for static friction. 
If sliding between tire and pavement is avoided, the slightly larger coefficient of 
static friction applies. In addition, it is not possible to maneuver a car while slid- 
ing. For these reasons, modern cars are equipped with systems to prevent sliding 
friction during braking. 


5.2.3 
Sliding Friction: the Finger or Hammer Pencil 


A very simple but impressive demonstration of sliding friction and the corre- 
sponding temperature rises of surfaces can be made by the use of a hammer or 
just a finger to write texts or equations on any convenient surface, even the floor. 
The surfaces need not be too rough and their thermal conductivity should not be 
too large (in metals the thermal energy diffuses away very quickly; linoleum floors 
are excellent). Depending on the finger speed and contact pressure, it is easy to 
achieve temperature differences of several Kelvin. Figure 5.7 shows an example. 


5.2.4 
Inelastic Collisions: Tennis 


Collisions are different mechanical phenomena that also involve energy transfer. 
One may think, for example, of two billiard balls colliding with each other. Usu- 
ally, one distinguishes between elastic and inelastic collisions. Elastic collisions are 
those where the total kinetic energy of the objects before the collision is exactly 
equal to the total kinetic energy after the collision. Elastic collisions are idealized 
phenomena that are usually demonstrated in physics using apparatus to reduce 
any residual friction effects, for example, by using an air rail system. In practice, 
most collisions in everyday life are inelastic, that is, part of the kinetic energy of 
a moving object is transformed into thermal energy during the collision process. 
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Figure 5.7 Finger writing: work against sliding frictional forces leads to temperature increase 
of the surface. 


Think, for example, of a ball (e.g., tennis, soccer, volleyball, basketball, rubber ball) 
that falls from a certain height to the floor. It will collide with the floor, leading to 
a rebound. From energy conservation, an elastic collision of the ball with the floor 
would give the ball enough energy to reach the original height from which it was 
dropped. However, no real ball will reach the original height from which it was 
dropped; part of the initial kinetic energy is lost. New tennis balls (mass % 57 g, 
diameter ~% 6.5cm), if dropped from a height of 2.54m, must at least reach a re- 
bound height of 1.35 m. This corresponds to a loss of kinetic energy of about 0.67], 
that is, about 47% of the initial kinetic energy is lost. Even super balls lose about 
20% of their kinetic energy upon bouncing from a floor [16]. 

Microscopically, the ball and the surface deform upon impact of the ball. Con- 
sider, for example, the ball. If the deformation changes the ball’s shape from the 
initially ideal spherical shape to a distorted shape while touching the floor, it 
stores potential energy. Such deformations are, however, never totally elastic, or 
reversible, because during deformations part of the energy is transformed into 
thermal energy. This means that when we observe falling objects colliding with 
surfaces, we expect temperature increases at the contact spot on the falling ob- 
ject as well as of the spot on the floor surface where it hits. Figure 5.8 shows an 
example of an inelastic collision of a tennis ball with a floor. 

In this experiment, where the ball, hit with a racket by an amateur, reached 
velocities of around 100km/h, a temperature rise of the floor of about 5 K was 
observed with a decay time of several seconds. Similar to the friction experiment, 
a quantitative analysis is more difficult. The tennis ball experiment is explained in 
more detail in Section 11.3 in a discussion of high-speed thermography. 

Similar effects can be observed at much lower speeds when, for example, drop- 
ping a metal sphere (see also [9]), for example, a metallic Boule ball, from a height 
of 1.2 m to the floor or some other surface. The ball had an impact velocity of only 
around 5 m/s. Figure 5.9 depicts the result for dropping the ball on a linoleum 
floor. The 527 g metal ball bounced very little two to three times, and the first con- 
tact led to a small indentation of a few tenths of a millimeter. Before the bounce, 
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Figure 5.8 A tennis ball hits a carpet, resembling the court. The image was taken just after it 


touched the ground. The ball was also heated up during the collision but, because of its fast 
movement, only left a vertical trace. 
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Figure 5.9 Metal sphere 7 cm in diame- sphere); (b) after another 3.5 s after reaching 
ter (c) heating top of floor upon falling from the largest T increase of 5.2 K. The T scale is 
1.2m height. (a) Right after impact (one can from 24 to 31°C. 

still see the upward-moving motion blurred 
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the floor (e = 0.9) had a temperature of 25°C. Right after first contact, the temper- 
ature of the indented floor reached 27.8 °C, but (based on multiple experiments) 
it took about 3-5 s before the maximum temperature, which was more than 5 °C 
warmer than the adjacent floor, was reached. Usually, the ball bounced two to 
three times before coming to rest (and was then removed manually), which is why 
Figure 5.9b shows three contact points with decreasing temperatures. 

In brief, the nearly incompressible metal ball deformed the more elastic floor 
surface, thereby dissipating about 10 to 20 % of its kinetic energy into heat. The 
latter process is time dependent owing to the subsequent slow lateral and vertical 
heat diffusion. 

Many other inelastic collisions involving heat transfer may be studied with IR 
imaging. For example, so-called hopper popper toys consist of spherical rubber 
segments that bounce to enormous heights if properly loaded [17]. 


5.2.5 
Inelastic Collisions: The Human Balance 


If two objects stick together after a collision, the process is considered completely 
inelastic. Imagine, for example, a piece of putty falling to the floor. It will not re- 
bound at all, that is, it loses all of its kinetic energy upon impact. The amount 
of energy transformed into thermal energy is larger than in inelastic collisions, 
and therefore the corresponding temperature changes may be more easily ob- 
served. For the observation it is, however, necessary to remove the object and turn 
it around after it has come to rest in order to measure the surface temperatures 
of the two contact areas. 

Figure 5.10 shows an example of two people of different masses, m, ~ 80kg 
and m, % 120 kg, jumping down from a table onto the floor. Both are wearing the 
same type of shoes. After landing, they quickly step aside and the contact spots 
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Figure 5.10 Human balance: the temperature rise due to an inelastic collision of people 
jumping from a table to the floor (a) can be used to compare the masses (weight forces) of 
the jumpers (b). 
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on the floor are examined by IR imaging. Quite obviously, the heavier jumper 
gives rise to a higher surface temperature on the floor. One could easily argue that 
this was expected since the heavier jumper started with a higher initial potential 
energy. This is correct, but again, a more thorough discussion would show that any 
kind of quantitative explanation requires much more information, for example, 
the contact area while hitting the floor may be made of different materials and, 
hence, involve different heat transfer properties of the shoe soles, and so on. 

To elaborate, the two jumpers have different initial potential energies, m,gh,, in 
the earth's gravitational field, where h; is the height difference between the floor 
and center of gravity of the individuals. In what follows, we assume people of about 
the same height, 4, = A, = A. Just before reaching the floor the potential energy 
has been completely transformed into kinetic energy, 1/ 2m;v?, where v denotes 
the velocity. During the completely inelastic collision, a first part of the kinetic 
energy is transferred to deformations of the floor and the shoes and a second part 
(i.e., the rest) into deformations within the body (e.g., muscles, knee joints). Ulti- 
mately, both parts will end up in thermal energy. Of course, it is only possible to 
measure the first part, that is, the temperature rise of the floor and the shoes, by IR 
imaging. Unfortunately, again, the amount of energy dissipation within the body 
will depend on the jumper, that is, on whether and how muscles are stretched, and 
it is not easy to guess the ratio of both contributions. Therefore, we assumed that 
both jumpers would try to jump in as similar a manner as possible, with muscles 
stretched. In this case, one expects that a similar ratio of energy would be dissi- 
pated into the shoe—floor contact area. It would then divide up into heating of the 
shoe and of the floor. 


5.2.6 
Temperature Rise of Floor and Feet while Walking 


Walking on ice is very difficult, whereas walking on a dry street is easy. The dif- 
ference between these two situations is that the frictional forces are much lower 
for the contact between shoes and ice as compared to that between shoes and 
street pavement. Obviously, friction is necessary for walking. However, although 
the phenomenon is one of the most natural for us, the details can be very complex. 
First, static friction is usually involved (the undesired sliding friction does apply 
to ice, though). Usually there is no sliding between shoe and floor during walking. 
The shoe just touches the floor and then lifts up again. Since there is no distance 
traveled along the direction of an acting force, no mechanical work is done that 
could be converted into thermal energy. 

The energetics of human walking and running has been studied in detail [18- 
20]. It involves work for accelerating and decelerating the legs plus the gravita- 
tional work associated with lifting the trunk at each step. The total power exerted 
during walking finally leads to a heating up of the body, sweating, and, to a small 
extent, to a heating up of the two contact areas (this contribution has not been 
studied in detail so far; its portion of the total expenditure is probably at most 
in a small percentage range, most likely in the single percentage range). Micro- 
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Figure 5.11 Energy dissipation due to walking can be visualized with IR imaging. 


scopically, one may understand the mechanism for the heating from the inelas- 
tic collision experiment (Section 5.2.5). During each step, the shoe experiences 
something like an inelastic collision with the floor. Therefore, part of the original 
kinetic energy of the leg is transformed into deformation energy of the soles of 
the shoe as well as of the floor (and perhaps a small amount is transferred into the 
body of the walker). These deformation energies end up as thermal energy, that is, 
a temperature rise of the shoe and floor. How the total energy is split up depends 
again on the thermal properties of the two materials in contact. 

Figure 5.11 shows an example of a heated linoleum floor after a person was 
walking on it at constant speed in bare feet (also minute heat transfer from warm 
feet). 

Since the foot hits the floor only with part of its surface, one can clearly see the 
walking profile and the toes. The corresponding temperature rise, although still 
detectable, is smaller for shoes, in particular when running, that is, hitting the 
floor at a greater velocity (cf. Figure 5.10). 


5.2.7 
Temperature Rise of Tires during Normal Driving of a Vehicle 


Like walking, driving a vehicle on wheels is based on static frictional forces [16]. 
When a vehicle moves forward, its wheels rotate such that the bottom surface does 
not slide on the ground. Instead, a portion of the surface of each wheel touches 
the ground, where it briefly experiences static friction. Then it moves up, with 
a new portion of the wheel surface taking its place. This touch-and-release pro- 
cess involves only static friction; therefore, like the walking discussed earlier, this 
mechanism alone is not able to convert mechanical energy via work into thermal 
energy. 

However, the rolling of wheels on a surface involves more. The corresponding 
technical term for the resistance to motion is rolling resistance or rolling friction. 
When a wheel or tire rolls on a flat surface, it deforms the object as well as the 
surface. Static frictional forces are present at the contact point/area. Sliding fric- 
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30.0 °C 


Figure 5.12 Homogeneous heating of tires during normal driving conditions. This is also a test 
of the quality of the tire profile; without the profile, the heating would be more homogeneous 
across the tire surface. 


tion does not contribute since each contact spot on the tire is lifted up from the 
rolling. The deformation of the surface leads to reaction forces that have a com- 
ponent opposed to the direction of motion. As a matter of fact, the deformations 
of the surface lead to the seemingly paradoxical situation that any horizontally 
driving vehicle must drive upward (out of the hole due to the deformation). 

As in the case of static and sliding friction, frictional force is described as 
Friction = rot * normal? With 4,9 being the rolling friction coefficient. This coeffi- 
cient is much smaller than typical static or dynamic friction coefficients — for steel 
railroad wheels on steel rails it is less than 0.001, and for car tires on asphalt about 
0.03. Ideally, deformations should be elastic, in which case no thermal energy is 
generated. In reality, part of the deformation is inelastic and the contact areas 
should warm up. 

As a consequence, the tire of any transport vehicle will have elevated temper- 
atures from driving, even in the absence of acceleration or deceleration. High- 
quality tires should have surfaces that heat homogeneously, provided no braking 
with blocked tires or wheel spinning during accelerating takes place. Figure 5.12 
shows an example of a car tire after continuous driving for several minutes and 
very soft braking. As expected, the tire has heated up homogeneously, and no hot 
spots are evident; however, the spatial profile of the rather new tire is of course 
clearly visible. 

This technique — investigation of tire surfaces after driving — is commonly used 
to analyze the quality of new tires, in particular of tires used on Formula One 
racing cars. 


5.2.8 
Generating Heat by Periodic Stretching of Rubber 


Rubber is a thermoelastic material, that is, there is a close interaction between me- 
chanical and thermal effects. In particular, a rubber band heats up when stretched 
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Figure 5.13 Single stretching (a,b) and letting go (c,d) a rubber band leads to a temperature 
increase (here 0.9 K) and decrease (here 0.4 K) of the rubber, respectively. Width 4.1 cm, length 
without force 45 cm, thickness 1 mm. 


and cools down when released (e.g., [21]). The temperature difference can easily 
amount to several Kelvin if the material is stretched by a factor of 3 to 5. Similarly, 
rubber expands upon a temperature increase and shrinks under a temperature de- 
crease. The thermodynamic theory behind this behavior (which is somewhat sim- 
ilar to the behavior of gases that also heat up when under pressure and cool down 
when allowed to expand) is quite complex and involves the entropy, that is, the 
degree of order, associated with the polymer molecules in the rubber band [22]. 
The heating and cooling can easily be visualized with IR imaging. Figure 5.13a,b 
shows a rubber band in the LW IR range before and after stretching by a factor 
of 2. The band heats up by 0.9K. After waiting a minute for an equilibrium to es- 
tablish, the band is relaxed and cools down again by about 0.4 K upon the release 
of the stress (Figure 5.13c,d). 

Fast periodic stretching and releasing lead to a larger temperature increase since 
the rubber cooling takes more time. Figure 5.14 shows the transient behavior of 
the band under heating and partial cooling in the upper third of the image, al- 
lowing for a count of about 20 stretching cycles. Ultimately, the band developed a 
fissure and broke apart. A maximum temperature of around 39 °C was observed 
for one of the experiments. 
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Figure 5.14 Heating and cooling of rubber band upon periodic stretching. The band finally 
broke apart due to a fissure (scale IR image 24-35 °C). 


5.3 
Thermal Physics Phenomena 


Although nearly all applications of IR imaging involve thermal phenomena, for ex- 
ample, by transforming mechanical or electrical energy into thermal energy and a 
corresponding heating up of the surface of objects, some purely thermal physics 
phenomena can be visualized using thermography. These include characteristic 
properties of heating systems, material properties like thermal conductivity, and 
convection in liquids. IR imaging can be used to study the effect of phase transi- 
tions like in evaporative cooling or the consequences of adiabatic processes like 
temperature differences due to adiabatic cooling. Finally, IR imaging offers possi- 
bilities for quantitative analysis of the heating and cooling of many objects. 


5.3 Thermal Physics Phenomena 


5.3.1 
Conventional Hot-Water-Filled Heaters 


Many indoor heating systems (e.g., wood, coal, or oil stoves or furnaces that use 
warm-air heating or water-filled radiators) can be analyzed by thermography. For 
physics teaching, it is very convenient to use hot water heaters whose hot water 
supply comes froma furnace. The hot water is usually driven by a pump and flows 
in pipes from room to room, and in each room it also flows through the radiators, 
which transfer the heat to the room via convection and radiation. 

Since the water transfers energy to the heaters, it should be possible to detect a 
temperature difference between the inlet and outlet pipes of a radiator. 

Figure 5.15 depicts a set of two radiator heaters in a lecture room close to a 
window as well as a vertical pipe system of inflow and outflow water. One of the 
heaters is turned on, the other is off. The image immediately visualizes the hot 
inlet water pipe and the slightly colder outlet water pipe. The water enters the ra- 
diator from the top, and slightly colder water flows out at the bottom, as expected. 
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Figure 5.15 Water pipes and radiator heater with hot water inflow and slightly colder water 
outflow (arrows). 


If IR image examples like these are shown when first introducing thermogra- 
phy, the confidence in the method increases. Probably many other well-known 
everyday-life objects whose surface temperatures can also be measured separately 
with thermocouples can similarly build up confidence in this measurement tech- 
nique. 


5.3.2 
Thermal Conductivities 


In Section 4.2.1, conduction of heat was introduced as representing heat flow 
within a solid or fluid at rest owing to a temperature difference between its ends. 
The simplest theoretical system, like a one-dimensional (1D) wall that extends 
laterally indefinitely, can obviously not be measured by thermography. One needs 
to measure the surface temperature of realistic objects. 
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Figure 5.16 Typical setup of experiment to 
demonstrate thermal conductivity differences 
of materials (a). After heating has started, the 
diffusion of heat into the rods proceeds at dif- 
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of the same temperature along the rods. (b) IR 
image of such a setup of steel, aluminum, and 
copper rods, heated from one end (not seen in 
image) with a Bunsen burner. 


ferent velocities, as indicated by the locations 


A typical setup to demonstrate differences in the thermal conductivity of solid 
materials is the following (Figure 5.16a). Thin rods of different materials are hori- 
zontally fixed in such a way that one of their ends is free and the other end heated 
(e.g., by flames of a Bunsen burner). Along the length of the rods, small pieces 
of wax can be attached at regular intervals (not shown in figure). The wax starts 
to melt at a certain temperature. The melting indicates that the critical temper- 
ature has been reached. The experiment is conducted by recording the times at 
which wax at given locations starts to melt. This allows visualization of the heat 
diffusion within the rods as a function of time. In particular, at a given distance 
from the heating location, the wax will start to melt earlier for rods with higher 
thermal conductivity. This experiment nicely, but only qualitatively, demonstrates 
thermal conductivity. Unfortunately, it is not thermal conductivity alone that de- 
termines the outcome of such an experiment. First, for any quantitative analysis 
of thermal conductivity, a well-defined temperature difference is needed. Since, 
however, the rod ends are usually not fixed in a heat bath, but just end in air at 
room temperature, the entire rods will start to warm up and the end temperature 
will also increase with time. Second, convective heat losses due to the surface area 
of the rods and, third, radiation losses will also contribute. As a consequence, it 
may well be that if these additional losses dominate, the temperature profile would 
not allow for any precise conclusion concerning the thermal conductivity. 

Figure 5.16b presents an IR image of such an experiment. Three rods of the 
same diameter, made of steel (top), aluminum (middle), and copper (bottom), 
were heated at one end using a flat-flame Bunsen burner. The thermal conduc- 
tivities (Table 4.1) increase from top to bottom. As expected, the copper rod with 
the largest thermal conductivity is heated up much more quickly than the steel 
and aluminum rods. To avoid saturation of the IR detectors close to the heat- 
ing zone, it is best to first heat and then record images directly after turning off 
the heater. All rods were covered with a thin soot layer to ensure equally high 
emissivities. 


5.3 Thermal Physics Phenomena 


A more well-defined setup for thermal conductivity measurements uses a fixed 
temperature difference between the two ends of a material, in this case water. A 
particularly simple experiment is depicted in Figure 5.17. An ice cube is crushed, 
and some pieces are put in a test tube. The tube is filled more or less completely 
with precooled water around 0°C. Ice normally floats; therefore, we put a metal 
weight on top of the ice to keep the pieces at the bottom of the test tube. The ice 
within the water reaches the lower temperature of 0°C at the bottom of the test 
tube. The upper end of the test tube is then heated using a Bunsen burner until 
the water in the upper few centimeters of the tube starts to boil, defining the up- 
per temperature of 100°C. The temperatures of 0 and 100°C will be maintained 
as long as there is ice in the test tube (latent heat of melting) and as long as the up- 
per parts are still covered by boiling water (latent heat of evaporation). Along the 
test tube, a temperature profile develops that is mainly governed by the thermal 
conductivity of the water (the glass has a somewhat larger thermal conductivity). 
Furthermore, the glass is very thin such that — to the first order — the Biot num- 
ber can still be assumed to be small compared to unity. This means that the glass 
surface temperature should more or less resemble the water temperature inside 
the tube. Figure 5.17 depicts the experimental result from IR imaging. The line 
plot along the test tube shows that both glass and water are poor thermal con- 
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Figure 5.17 (a) IR image and setup for demonstration of thermal conduction in water. (b) The 
line plot of the temperature reveals ice water at bottom while water at top, recorded directly 
after turning off the burner, remains around 90°C. 
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ductors. The water at the bottom is still around 0 °C, whereas the water at the top 
has just boiled. Of course, a long wait will also lead to heat conduction, which will 
eventually equalize the temperatures. 


5.3.3 
Conduction of Heat in Stack of Paper 


A very instructive experiment (we are not sure who first described it) visualizes 
the conduction of heat from an electric iron to paper. The iron is turned on and 
placed for a certain amount of time, perhaps 30—60 s, on top of a telephone direc- 
tory (Figure 5.18c) containing several hundred very thin pages. Then the surface 
temperatures at the top of the book and of certain pages down from the top are 
measured. Figure 5.18a,b presents some snapshots from a corresponding video 
sequence of 100 and 200 pages below the surface. Figure 5.18d shows a semi- 
quantitative analysis of inner page temperatures while turning the pages, starting 
from page 500, in 50 page steps to the top. It typically takes about 2s between 
measurements of successive data points. Each time a page is exposed to the air, it 
cools down much faster owing to convection. For example, the top of the book — 
after removing the iron — had an initial temperature above 160°C. In air, the page 
cooled down to less than 95°C within 6s. Figure 5.18 nicely visualizes the slow 
lateral and vertical diffusion of the heat into the paper. In our case, no effect of 
heat diffusion due to the iron could be detected for more than 300 pages, that is, 
depths below 7.2 mm. 


5.3.4 
Convection in Liquids 


In Section 4.2.2, convection was introduced as representing heat flow between a 
fluid and a solid. It is composed of both heat transfer due to conduction in the 
boundary layer around the solid and heat transfer due to the bulk motion of the 
fluid that is outside the boundary layer. Both processes are difficult to visualize 
with IR imaging if the fluids are gases, unless the gases have strong absorption 
features in the thermal IR region (Chapter 8). Convections due to liquids are eas- 
ier to observe. Figure 5.19 shows an ice cube floating in a glass beaker filled with 
water at room temperature. If initially the ice cube and water are just at rest, nat- 
ural convection starts to build up, that is, water close to the ice cube gets cooler, 
thereby transferring part of its thermal energy to the cube, which starts to melt at 
the surface. The colder water has a higher density and will start to sink down in the 
beaker, thereby transporting warmer water to the surface. These slow convection 
currents would not be observable with IR imaging since water is not transparent 
in the thermal IR region (Section 1.5, Figure 1.54). However, the convective bulk 
motion of the surface water can be made visible by observation from above. The 
ice cube floats so we can study the water surface convection currents. Since no 
natural lateral force is driving such currents, the ice cube is given a little bit of 
an initial spin. Owing to this initial rotary movement, some volume elements of 
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Figure 5.18 After a hot iron was placed on top of a thick phone book (c), the diffusion of the 
heat into the paper is studied by looking at the temperatures at various pages, that is, depth 
(a,b). A plot of temperature versus depth illustrates the heat diffusion (d). 


the water that have touched the cube and had already cooled down move, that is, 
they flow away from the boundary layer. Therefore, new water volume elements 
can get close to the cube, transporting thermal energy from the water at room 
temperature to the ice cube at around freezing temperature. This leads to melt- 
ing at the ice cube surface. In Figure 5.19, water with green shades is about 6—7 K 
cooler than the average water temperature. Figure 5.19 also demonstrates the heat 
conduction in the boundary layer. The line plot data in a “quiet” region show the 
expected gradual temperature increase from the ice cube (T ~ 0°C) to the aver- 
age water temperature of about 20°C. In this case, the steep increase takes place 
over a distance of about 2 mm. For a nonmoving cube, the distance can easily be 
greater by a factor of 2. If an ice cube rests at the edge of the beaker in contact 
with the glass, it is also possible to directly observe the consequences of cold con- 
vection currents from the outside of the beaker. This is due to the cold water that 
would start to sink away from the ice cube inside the beaker, thereby cooling the 
adjacent glass surface. 

Convections involving the transport of larger volume elements of fluids are usu- 
ally driven by larger temperature differences. A well-known example in nature is 
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Figure 5.19 (a) Top view of water convection around a slowly rotating ice cube and (b) tem- 
perature profile along white line. See text for details. 
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Figure 5.20 Convection features observed from a hot water surface, with the water being 
heated from below. 


(b) 


(d) 


the convection cell structure, which can be observed at the surface of the sun. 
Figure 5.20 depicts a series of IR images, showing convection features of water 
within a large glass beaker being heated from below. Convection is a transient 
phenomenon and can be better observed in real time; however, the still images 
already show how structures are formed and transported across the surface of the 
water. 

Similar convection cells are observable in everyday life when heating oil in a 
pan to very high temperatures. For appropriate temperature differences and oil 
thickness, this leads to so-called Bénard—Marangoni convections. Figure 5.21 il- 
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Figure 5.21 Formation of Bénard-Marangoni can result in (ideally) hexagonal 2D structures 
convections of a liquid heated from below on the surface (b), where the rising oil is in 
and cooled from above. Warm oil (red) starts the middle of the cells and the sinking one 

to rise, whereas colder oil (blue) sinks (a). This defines the cell boundaries. 


lustrates how these convection structures form. Oil in the vicinity of the lower hot 
surface is heated and therefore starts to rise because of its lower density. Similarly, 
the colder and denser oil from the surface starts to sink. Of course, this process 
cannot take place simultaneously everywhere in the pan. For a given temperature 
difference, oil thickness, and diameter of the pan, regular cell structures start to 
form, which allow large quantities of hot oil to rise, while simultaneously the same 
amount of colder oil sinks to the bottom of the pan. In the 2D sketch of Figure 5.21, 
closed loops of flowing oil organize in such a way that neighboring loops rotate 
in opposite directions such that they do not disturb the flow of their neighbors. 
This process is self-organizing. The form and number of formed cells depend on 
the conditions, in particular the temperature difference. The complete theoretical 
modeling needs to take into account the buoyancy forces, temperature-dependent 
surface tension, and dynamic viscosity of the oil [23]. Since there are regions where 
colder oil sinks and others where warmer oil rises, a line plot of temperature across 
the surface will show a regular structure. 

Figure 5.22 shows an example of an experimental result, investigated using IR 
imaging (care must be taken to avoid oil vapor on the camera optics; observe either 
via a mirror or a thin transparent plastic foil acting as a protective window). The 
oil was 3 mm thick and had a total diameter of about 9.5 cm. The structures start 
to form well above 100°C. For constant temperature the cell structure is stable; 
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Figure 5.22 IR image of Bénard-Marangoni convection cells of oil in a pan, heated to about 
120°C (a). Convection leads to well-defined temperature variations across the surface (b). 
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however, its geometry and number density change with temperature. The tem- 
perature differences between the rising and sinking oil amount to about 4.5 K in 
Figure 5.22. In a pan heated to 150°C, we observed T variations of up to 9 K. 

Some expert cooks who want to prepare steaks in a pan use these convection 
cells as an indicator of the oil temperature. It is rather easy to observe the convec- 
tion cells with the naked eye when looking at grazing incidence at the oil surface. 
The oil is not hot enough unless cells start to form. 


5.3.5 
Convection Effects Due to Gases 


A simple demonstration of convective thermal effects of gases is breathing. Fig- 
ure 5.23 shows two snapshots of inhaling and exhaling through the nose, recorded 
with an LW camera approximately vertically below the nose. The temperature of 
the observed portion of the inside of the nose is typically around 35 °C. While in- 
haling, the colder room temperature air decreases temperatures by nearly 10°C 
to around 25°C, whereas exhaling brings about elevated temperatures owing to 
the warmed air from the lungs. Portraitlike images indicate the temperature differ- 
ences, but close-up images are more impressive. Similar though somewhat smaller 
temperature differences can be observed while inhaling and exhaling through the 
mouth. 


5.3.6 
Evaporative Cooling 


The idea behind evaporative cooling can be gleaned from the following descrip- 
tion of an ancient cooling system: “In the Arizona desert in the 1920s, people 
would often sleep outside on screened-in sleeping porches during the summer. 
On hot nights, bedsheets or blankets soaked in water would be hung inside the 
screens. Whirling electric fans would pull the night air through the moist cloth to 
cool the room” [24]. The same article [24] by the California energy commission 
also emphasizes that many new technologies have been inspired by this principle 
of evaporative cooling. 

The physics behind evaporative cooling is quite simple. It requires air with rela- 
tive humidity below 100% (Section 4.3.6) that is directed over water, wet surfaces, 
or through wet blankets. While passing over the given water surfaces, water mol- 
ecules change their phase state from liquid to gas. Thus, the water molecules be- 
come part of the airflow, which will then have a higher humidity. 

This phase change from liquid to gas does, however, require energy, to be spe- 
cific, the heat of vaporization, which amounts to about 2400 kJ kg~! at around 
30 °C (sometimes this number is also given as 43 kJ mol“, that is, as energy needed 
to vaporize 1 mol, here 18 g, of water or as 0.45 eV/molecule, where the fact that 
leV = 1.6-107!°J and 1 mol of water contains 6.022 - 10? molecules is used). 
This is an enormous amount of energy that must come from the water, the air, or 
both. Therefore, there should be two observable effects: both the water and the air 
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Figure 5.23 Temperature differences due to inhaling (a,c) and exhaling (b) air through the 
nose. T scale for close-ups (a,b): 24-36 °C, for portrait (c): 24-38 °C. 


should cool down. The latter effect was described earlier: the hot air being pulled 
through the wet blankets loses part of its thermal energy, which is transferred to 
the blankets, providing the energy for evaporation. In dynamic equilibrium, the 
blanket temperature would not change anymore, and the energy needed for the 
evaporation of water per time unit would be transferred to the blanket from the 
air. 

Obviously, IR imaging is not able to detect air temperature; rather, the temper- 
ature of wet surfaces that are exposed to airflow will be studied. For experiments, 
various liquids such as water and aftershave lotion (which contains alcohol) are 
used. It is well known that a lotion containing alcohol will lead to a much more 
dramatic cooling effect compared to the same amount of pure water. Although wa- 
ter and ethanol have about the same heats of vaporization (40—45 kJ mol™+), they 
behave quite differently. This means that there is at least a second ingredient in 
evaporative cooling: the vapor pressure of the liquid at given ambient conditions. 
As shown in Figure 5.24, the saturation vapor pressure over a liquid increases 
sharply with temperature. The saturation pressure is defined as the equilibrium 
vapor pressure above a liquid. This means that some molecules will evaporate per 
time interval from a liquid (from liquid to gas phase) and some gas molecules 
will condense at the liquid again (from gas to liquid phase). For any given tem- 
perature, there is an equilibrium at which equal amounts of molecules evaporate 
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Figure 5.24 Saturation vapor pressure of ethanol and water. The differences are due to the 
lower boiling temperature of 78 °C, that is, the ethanol vapor pressure reaches the atmospheric 
pressure of about 1000 hPa already at 78 °C. 


and condense. In this case, the gas pressure (being related to the number den- 
sity of molecules in the gas phase) is the saturation vapor pressure. As shown in 
Figure 5.24, at any given ambient temperature between 10 and 30°C, the ethanol 
vapor pressure is at least twice as large as that of water. As a consequence, com- 
pared to the evaporation of water molecules, twice as many molecules of ethanol 
vapor can evaporate, that is, the evaporative cooling effect can be much greater. 

Two more factors that influence evaporative cooling are the relative humidity of 
the air and the speed of the airflow. If the air is already saturated with water vapor, 
it cannot accommodate more water. In this case, evaporative cooling cannot take 
place. The speed of the airflow can enhance evaporation quite significantly. This is 
plausible since air in close contact with water will acquire higher values of relative 
humidity, and so it can accommodate less water vapor. Blowing fresh air of lower 
relative humidity toward the water surface will therefore enhance evaporation. In 
addition, as was pointed out in Chapter 4 (Figure 4.4), the convective heat transfer 
coefficient increases with increasing airflow velocity. Therefore, larger amounts of 
energy for the vaporization of water vapor are available. 

Figure 5.25a,b shows a water film on the wall surface of a house model. A warm 
air fan was directed onto the wall and the IR images were recorded. Owing to 
evaporative cooling, the wet wall segment was strongly cooled initially, although 
warm air was used. Later on, after equilibrium was established, the wall temper- 
ature remained constant. The consequences for building thermography are dis- 
cussed in Chapter 7. 

Similarly, Figure 5.25c,d depicts evaporative cooling following the use of after- 
shave. The ethanol rapidly evaporates, especially if air from a warm air fan is used, 
giving rise to enhanced cooling. 
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Figure 5.25 (a,b) Evaporative cooling due to water. A wet surface of a house model cools 
rapidly due to evaporative cooling, enhanced by a warm air fan (see Section 7.4 for details). 
(c,d) Evaporative cooling due to ethanol in aftershave, enhanced by a warm air fan. 


5.3.7 
Adiabatic Heating and Cooling 


The state of a gas is usually characterized by three quantities. The most com- 
monly used quantities are pressure, temperature, and volume; another is entropy. 
There are many ways of changing the state of a gas; for example, one may keep 
one of these quantities constant and change the other two. Two processes that are 
very important for technical applications are the so-called adiabatic expansions or 
compressions, the characteristic features of which are due to energy conservation. 

Whenever a gas is compressed, work is done on the gas, which will lead to a 
change in its internal energy (which microscopically can be regarded as energies 
of the gas molecules). The first law of thermodynamics is a statement of energy 
conservation. It states that the internal energy of a gas can only change as a result 
of either heat transfer to/from the gas or work done on/by the gas. In most state 
changes of a gas, heat and work are exchanged. However, adiabatic processes are 
different. They take place too quickly for thermal equilibrium to be established, 
and therefore adiabatic processes take place without an exchange of heat. As an 
example, we consider the very fast compression of a gas. Assume that a gas is ina 
container with a movable piston. A typical example from everyday life would be 
a pump for bicycle tires with a closed outlet valve. If the piston is moved inward 
very rapidly (to compress the gas), there is no time for an exchange of heat, that is, 
the compression takes place as an adiabatic process. In such cases, the work done 
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Figure 5.26 Valve of an automobile tire before (a) and after (b) opening the valve. Adiabatic 
cooling of expanding air from a bicycle tire also leads to a cooling of the valve with a large 
temperature drop. 


during compression is entirely transformed into internal energy of the gas. As a 
consequence, it will heat up rapidly. Anyone who uses a bike hand pump knows 
that holding the pump close to the valve will cause the pump to get warm quickly 
since the hot gas inside will ultimately also lead to a warming of the containing 
metal or plastic tube. 

We illustrate the reverse process, the adiabatic expansion ofa gas, with IR imag- 
ing. Expansion of a gas requires that work be done (imagine that the gas moves a 
piston outward upon expansion). Since heat exchange is not possible, the energy 
needed for this work must come from the gas itself, that is, the gas must reduce 
its internal energy, which is accompanied by a temperature decrease. This means 
that any adiabatic expansion will result in a decrease in the gas’s temperature. Such 
adiabatic processes may be brought about simply through the use of a bicycle tire 
that is pressurized to 3 bar. Opening the valve leads to a rapid expansion through 
the valve. Therefore, the gas needs to cool down. The cold airstream touches the 
valve and leads to a cooling of the valve. This is illustrated in Figure 5.26. We can 
easily observe valve temperatures as low as 3 °C. 

Holding a piece of paper originally at 23 °C (ambient temperature) in front of an 
expanding airstream leads to a rapid cooling of the paper to around 5-7 °C, which 
is below its dew point at 50% relative humidity, that is, the paper gets wet during 
the cooling process. 

A nice everyday experiment along the same lines is the opening of a bottle of 
champagne [25, 26]. The cooling of the gas streaming out causes condensation of 
water vapor from the surrounding air. 


5.3.8 
Heating of Cheese Cubes 


Several examples of heating and cooling of objects like metal cubes and light 
bulbs were presented in Sections 4.4 and 4.5. In this section and Section 5.3.9, we 
present additional examples related to the heating and cooling of certain objects. 
Some of these examples very effectively illustrate the general physical principles 
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Figure 5.27 Differently sized cheese 
cubes on a plate set in a conventional or 
microwave oven. 


of convection and radiation. In all cases, we assume small Biot numbers, that is, 
that the surface temperatures are somewhat close to the average temperatures of 
the objects (Section 4.3.2). 

The first example [27] deals with cheese cubes. Imagine a piece of solid cheese, 
such as Gouda or cheddar, that contains no air holes. Cut the cheese into several, 
say 6-8, small cubes from 2 to 15mm in size. Arrange the cubes in a circle on a 
small plate (Figure 5.27) and set the plate in a conventional electric oven preheated 
to 200°C. 

Question: What will happen to the cheese cubes? Will the small ones melt be- 
fore the large ones, or will all cubes melt at the same time, or will some not melt at 
all? (The answer to this and the following question is given below so readers can 
think about it before finding out the solution.) 

After tackling this introductory problem, repeat the experiment, that is, prepare 
an identical set of cheese cubes on an identical plate, but one that is microwavable. 
Then place the plate in a microwave oven set at full power (e.g., 800 W). The 
heating should take place for an integer number of revolutions of the turntable; 
this ensures that all cubes will experience the same microwave fields inside the 
oven. The question will be the same as before: What will happen to the cheese 
cubes? Will the small ones melt first or the large ones, or will all cubes melt at the 
same time, or will some cubes not melt at all? 

Figure 5.28 shows the results of the cheese cube experiments heated in a con- 
ventional (Figure 5.28a) and a microwave oven (Figure 5.28b). In the conventional 
oven the small cubes will start to melt first, as demonstrated by the rounding off of 
the corners. In contrast, the cubes behave totally differently in a microwave oven. 
The largest cubes melt first, and cubes that are smaller than a critical size will not 
melt at all. Obviously, the different behaviors must be due to the different heating 
and cooling processes involved. 

The temperature of the air within the conventional oven is much higher than 
the cheese temperature. Therefore, energy flows from the oven through the sur- 
face of the cubes into the cheese. The smaller cubes get heated throughout their 
interior much faster than the large ones and, hence, melt first. In contrast, heat- 
ing in the microwave oven happens via the absorption of microwave radiation in 
the interior of the cheese cubes [28]. However, since the air temperature in the 
oven is about ambient temperature, the heated cheese cubes also start to cool via 
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(a) (b) 


Figure 5.28 In the conventional preheated electric oven (a), the cubes were heated at 200 °C 
for about 70 s. The microwave oven (b) was operated at 800 W for about 30s. 
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Figure 5.29 Cheese cubes after 10 s of heating (800 W) in a microwave oven (a) and measured 
maximum temperatures of cubes before (blue, bottom), after 10 s (green, middle) and after 
30s (red, top) of heating (b). 


convection and radiation. The cooling power will be proportional to the surface 
area of the cubes, whereas the heating will be proportional to their volume. As a 
consequence, the surface-to-volume ratio determines the equilibrium maximum 
temperature of a cube. The smallest cubes will undergo the most dramatic cool- 
ing. Eventually, this can even prohibit melting. The equilibrium temperature will 
increase with cube size. This is shown in Figure 5.29, which shows the situation 
after 10 and 30s of heating. Quantitative analysis revealed a strong dependence 
of temperature on cube size, and the temperatures of the largest cubes exceeded 
the melting temperatures of the cheese. 

The heating and cooling of cheese cubes in the microwave oven can also be 
easily treated theoretically [27]. The power absorbed by each cheese cube of size 
a is proportional to its volume: 


d Wios =p 
dt absor 


where k; is a constant that depends on the absorption coefficient of microwaves 
in cheese. The cooling, which is due to convection and radiation (Section 4.2), can 


p x V= ka’ (5.1) 
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Figure 5.30 Temperatures of cheese cubes of different sizes a as a function of heating time in 
a microwave oven for a given value of k, = 25. 


be approximated by 
Proot = ky ‘a. (T cheese g T oven) (5.2) 


It depends linearly on the temperature difference between the cheese and its 
surrounding. The effective absorbed power leading to a temperature rise of the 
cheese is due to 


Per. heating = P sarb 7 Pesol (5.3) 
This leads to the differential equation 
dT 
Peg. heating 7 cm: dt = kı . a? _ ky i a ý (T(t) zx To) (5.4) 
with the solution 
ki _ Eto 
T()=T)+ ai-e] (5.5) 
ky 


with the time constant T = k,a (k; =cp/k,, c: specific heat, p: density). Despite 
not knowing exact values for the constants, it is possible to plot the general form 
of T(t) (Figure 5.30) for different values of cube size a. It follows from Eq. (5.5) that 
the temperature of each cube eventually reaches the asymptotic equilibrium value 
To + k,/k,a. If this temperature is below the melting temperature, the cheese 
will never melt. An interesting feature of Eq. (5.5) is that since the time constant 
T is proportional to the cube size, the time until the maximum temperature is 
reached at equilibrium is shortest for small cubes. As shown in Figure 5.30, only 
the smallest cubes have reached the maximum possible temperature, whereas the 
largest cubes are still far from equilibrium. For k, = 25, we find, for example, t = 50 
for a = 2, t = 100 for a = 4, t = 200 for a = 8, and so forth. 
More details on this experiment can be found in [27]. 
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5.3.9 
Cooling of Bottles and Cans 


The next example is an everyday experiment dealing with Newton’s law of cool- 
ing (Section 4.5). Whenever an object of temperature Toj is in a surrounding of 
lower temperature Turr it will cool down due to conductive, convective, and ra- 
diative heat transfer. Because of energy conservation, the heat transfer must lead 
to a decrease in thermal energy and, hence, in the temperature of the object. The 
cooling process can be described by 


dT oh 
dt 


mc = —(@ + ar): A(T oh) — Tsurr) where agp =€-0-Kapp, (5.6) 
where m is the mass of the object, c its specific heat capacity, A its surface area 
in contact with the colder surroundings, and a; corresponding heat transfer rates 


(Chapter 4). This differential equation has the solution 


- ' pcV 
iu Ta) e with r= —<_ 
Init surr (ac +e-0- Kapp A 


(5.7) 


TyOaZ, 


surr 


Here Tnit is the initial object temperature at the start of the cooling process, p 
its density, and V its volume. Equation 5.7 means that if Newton's law of cooling 
is satisfied, we expect an exponential decrease in the temperature difference with 
time, that is, a straight line in a semilogarithmic plot (Section 4.5). This expecta- 
tion was checked by studying the cooling of soft drink cans and bottles. Particu- 
larly in summer time, the cooling of liquids in refrigerators is important. As two 
examples we present the cooling of cans and bottles filled with water (or other 


(a) 


Figure 5.31 Cooling cans and bottles of liquids in a conventional refrigerator (Tana, = 6°C, not 
shown), a freezer (Tana; = —22 °C) (a), and an air convection cooler (Tana, = —5.5 °C) (b). A tape 
of known emissivity (£ = 0.95) was attached to the bottles and cans. 
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liquids) as a function of time for different cooling methods. Figure 5.31 shows the 
experimental setup. 

The cooling power of the systems is expected to differ significantly. The con- 
ventional refrigerator and freezer both hold objects surrounded by still air, since 
the temperatures are usually too low to generate natural convections. Hence, the 
heat transfer coefficients and the cooling time constants of both should be the 
same. However, the refrigerator shows a smaller temperature difference than the 
freezer; therefore, the cooling power of the freezer is greater and the effective 
cooling times (times to reach a certain low temperature upon cooling) are smaller 
than in the refrigerator. The air convection cooler should have the fastest cooling 
time since the convective heat transfer coefficient increases strongly with airflow 
velocity. Therefore, the time constant should also decrease. 

As samples, we used glass bottles and aluminum cans. A (blue) tape was at- 
tached to ensure equal emissivity values for all samples. The containers were filled 
with water slightly above room temperature and placed inside the refrigerator, 
freezer, and air convection cooler. During temperature recordings with the IR 
camera, taken every few minutes, the cooling unit doors were opened for at most 
25 s each. Figure 5.32 shows the resulting plots of temperature difference between 
measured temperature and ambient temperature within the cooling system on a 
logarithmic scale. From Newton’s law a straight line is expected. Obviously, this 
holds quite well for any cooling mechanism down to around 0°C (indicated by 
the broken horizontal lines), where the phase transition of water to ice imposes 
a natural limit. At the end of the experiments in the freezer and air convection 
cooler, we indeed observed small pieces of ice floating on the surface of the water 
in the bottle and can. 

The time constants T from quantitative fits to the data agree well with the- 
oretical expectations from Eq. (5.7). For the freezer and the refrigerator, T = 
8300—8400 s, whereas for the air convection cooler, the value of r is halved. This 
is due to the increased convective heat transfer coefficient. Theory also accounts 
for the differences (a factor in T of about 1.2) between cans and bottles. On the 
one hand, it is due to the different amounts of water; on the other hand, it is due to 
the differences in the stored thermal energy in the glass of the bottle as compared 
to that in the aluminum can. 

Users of cold drinks are usually not interested in time constants; rather they 
would like to know when a drink will reach a certain temperature. Figure 5.33 
depicts the experimental cooling curves for the 0.5L bottles (linear scale). The 
initial temperature was about 28 °C. The refrigerator has the longest cooling time, 
whereas the air convection system cools fastest, in about 30 min from 28°C to 
below 13°C. 

Obviously, from daily experience, an even faster way of cooling would use forced 
convective cooling with liquids rather than gases (placing bottles, for example, ina 
small cold-water river) due to the large density difference between gas and liquid. 
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Figure 5.32 Cooling curves of can and bottles for a regular fridge, a freezer, and an air convec- 
tion cooler. All plots can be fitted with a simple exponential, that is, they follow Newton's law 
of cooling. 
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Figure 5.33 Cooling curves of 0.5L bottles for drinking temperature) is more than 2h for the 
a regular fridge, a freezer, and air convection fridge, about 45 min for the freezer, and less 
cooler. The typical timescale for cooling from than half an hour for the air convection cooler. 
28 to below 14°C (which may be a suitable 


5.4 
Electromagnetism 


5.4.1 
Energy and Power in Simple Electric Circuits 


In any simple electric circuit that follows Ohm’s law [11-13], electrical energy 
is transformed into internal thermal energy inside the resistor, manifesting itself 


40 


24 


19 
(a) (b) 


Figure 5.34 The electrical energy associated color bar spans a range from 19°C (blue) to 
with a current flowing through a wire is dis- 40°C (red). The VIS image (b) in front of a cork 
sipated, leading to a temperature rise of the board also shows the wire shadows. 

resistor, that is, the wire (a). The (nonlinear) 
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Figure 5.35 Scheme of three different resistances (a) in series and (b) in parallel as well as the 
corresponding IR images (c,d). 


as a temperature rise of the resistor. Obviously, IR imaging can easily visualize 
this direct thermal consequence of electric currents through resistors. Figure 5.34 
illustrates the simplest electrical circuit: a wire connected to a power supply. The 
wire itself is the resistor, which warms up while current is flowing through it. The 
wire need not be straight; it could be a coil or a wire spiral as in light bulbs. In the 
image, two copper wires of different diameters, 0.25 (top) and 0.55 mm (bottom), 
were used with the same current of 0.5 A. As expected, the thin wire became very 
hot, whereas the thick wire warmed up only slightly. 

Figures like 5.34 can also visualize how the heating of a constant diameter wire 
is the same everywhere, for example, before and after a coil. This may help to 
eliminate misconceptions of students that a current may lose some of its “power” 
while traveling through a circuit, leading to less energy dissipation behind a coil. 

Usually, in electrical circuits, metal wires are just the connecting elements. It 
is straightforward to design the next simple circuits with wires and resistors of 
varying sizes. Figure 5.35 shows series and parallel circuits of several resistors. 
Obviously, the resistors heat up according to the power P = R - I? dissipated within 
them. Measurement of the surface temperatures of these resistors then allows for 
sorting them by size. Quantitative analysis, that is, finding the exact value of R 
from the surface temperature, is a more complex problem. In this case, all heat 
transfer modes, conduction, convection, and radiation must be treated. In any 
case, studying various combinations of resistors with IR imaging may be a nice 
visualization of Kirchhoff’s rules in simple electric circuits. 
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5.4.2 
Eddy Currents 


Faraday’s law of induction [11—13] leads to a phenomenon called an eddy current. 
When a conducting material in the form of a loop is exposed to a changing mag- 
netic field, Faraday’s law states that an electromotive force is induced. In a closed 
loop, this leads to a ring current. Any current in a conductor will dissipate en- 
ergy according to P = J? - R, that is, the current should heat up the object. The 
same thing happens if conductors of arbitrary geometrical form are exposed to 
changing magnetic fields. In any case, electromotive forces are induced that lead 
to closed-loop currents within the conductor, raising the temperature of the con- 
ductor. These are called eddy currents. These circulating currents by themselves 
create induced magnetic fields that oppose the change in the original magnetic 
field due to Lenz’s law. 

The effect of eddy currents can be made visible using IR imaging. Figure 5.36 
shows the setup for a popular physics demonstration, the jumping ring experi- 
ment [29-31]. A nonmagnetic metal ring is placed on top of a solenoid over the 
core of a U-shaped demountable transformer unit. When AC power is applied to 
the solenoid, the ring is thrown off since the induced eddy currents induce sec- 
ondary magnetic fields that are opposed to the primary magnetic field. 

The heat generated by the eddy currents can be made visible by preventing the 
ring from being thrown off. Holding it in one’s hand is not very wise; we arranged 
for a metal bar several centimeters above the solenoid to serve as a mechanical 
stop. Applying AC power to the solenoid leads to an upward acceleration of the 
ring. It comes to a stop at the metal bar, where it levitates for the rest of the exper- 
iment. Owing to the AC magnetic fields, eddy currents are permanently induced, 
that is, heat is continuously generated according to P = I? - R, which leads to a 
rapid heating up of the ring. Figure 5.37 presents an example as observed after 
several seconds. One may study the heating as a function of time and changes 
due to different ring materials (e.g., copper vs. aluminum) or initial temperatures 
(e.g., -196°C vs. 20 °C). 


Figure 5.36 Setup for jumping ring experiment (a) from side and (b) from top. A conduct- 
ing nonmagnetic metal ring (red) is placed over the extended vertical core of a demountable 
transformer. 
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Figure 5.37 Eddy currents induced in a metal ring by an AC magnetic field in the solenoid 
of an open transformer unit led to a rise in temperature of the ring, which was stopped by a 
mechanical bar. 


5.4.3 
Thermoelectric Effects 


A number of thermoelectric effects [32] are exploited in physics and technology 
(see also Section 1.7.2.1). Temperature measurements with thermocouples use 
the Seebeck effect (Figure 5.38a). 

Two different metals, A and B, are joined at two points. If a temperature differ- 
ence occurs between these two contact points, a small electric voltage Wy, (typi- 
cally, in the microvolts per Kelvin range) is produced that drives a thermoelectric 
current. The physics behind the effect is as follows: for each metal there exists 
a well-defined work function, which describes the minimum energy needed to 
remove an electron from the metal surface. If two different metals with differing 
values of their work functions touch each other, electrons will be transferred from 
the metal with the lower work function to the one with the higher work function. 
This leads to a contact potential. If two metals are bent such that they touch each 
other at two ends, the same contact potentials will result, that is, they will cancel 
each other. However, the number of electrons transferred from one metal to the 
other depends on the temperature of the contact point. Therefore, a temperature 
difference between the two contact spots of two metals in Figure 5.38 will lead to 
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Figure 5.38 Thermoelectric Seebeck (a) and Peltier effects (b) for two metals A and B. 
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Figure 5.39 Demonstration of Peltier effect with wires of two different materials (verti- 
cal wires, copper; horizontal wire, constantan), which produce a thermoelectric force of 
42.5 uV K~! in a temperature range from -200 to 500°C. 


(b) 


a net potential difference U/,, that depends on temperature. After calibration, this 
voltage is used for a quantitative measurement of temperature. In conclusion, the 
Seebeck effect creates a potential difference (i.e., a voltage) from a temperature 
difference. 

The opposite effect, called the Peltier effect (Figure 5.38b), uses an electric cur- 
rent to generate a temperature difference. In this case, an electric current is driven 
through a bimetallic circuit that is maintained at uniform temperature. Heat is 
generated at one junction, leading to an increase in temperature, and heat is ex- 
tracted at the other junction, leading to a cooling of the junction. The direction 
of the current and the contact potentials determine which contact point is heated 
and which is cooled. Figure 5.39 provides an example using two copper wires (ver- 
tical) and one constantan wire. A direct current of 3 A leads to heating of one con- 
nection and cooling of the other (a). The effect is reversed if the direction of the 
current is reversed (b). 

In this (macroscopic) experiment, the constantan wire was made much thicker 
(several parallel wires) since it has a higher resistance than the copper wire. If a 
single wire is used, the dissipation of energy by its resistance alone (the I?R joule 
heat) would lead to a homogeneous heating along the wire, which would cover 
up the small effect due to the Peltier effect. Nowadays, the Peltier effect is widely 
used in microscopic setups of cooling systems for microelectronics and detectors 
(Section 9.5.2). 


5.4.4 
Experiments with Microwave Ovens 


Microwave ovens, which are also part of everyday life, combine electromagnetism, 
the general behavior of electromagnetic waves, and thermal physics in a unique 
way. The most common application is the simple heating of food, but industrial 
ovens are also used to dry a variety of goods [33, 34]. Here, we discuss some exper- 
iments involving household microwave ovens (for more information see [28, 35- 
37)). 
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Figure 5.40 Schematic diagram of a microwave oven. 


5.4.4.1 Setup 

Figure 5.40 illustrates the main features of a microwave oven. The microwaves 
are generated within a magnetron and guided to the cooking chamber, which has 
metal walls. There, the microwave energy is absorbed [28, 33] by the food or the 
object placed in the chamber. 

To the first order, a microwave oven with metallic walls resembles a 3D res- 
onator for electromagnetic waves. The microwaves of typical ovens have frequen- 
cies of about 2.45 GHz, giving wavelengths of about 12.2 cm. The wave equation 
for electromagnetic waves is solved for an oven chamber with lengths L,, L y and 
L, (typical lengths range between 20 and 30cm). Like the 1D case of standing 
waves on the string of a guitar, one finds 3D standing waves, that is, locations in 
the oven with a high energy density of the microwave field, and there will be nodes 
of standing waves with no energy density. With regard to geometry, one speaks of 
horizontal and vertical modes of the microwave field. 

An obvious consequence of inhomogeneities of the microwave energy in the 
oven is that the absorption of microwave energy by food or other products will 
strongly depend on its position. To reduce uneven heating of food, the effect of the 
horizontal modes is usually smeared out through the use of a rotating turntable 
and sometimes a top rotating reflector. 


5.4.4.2 Visualization of Horizontal Modes 

To visualize the undisturbed mode structure in a microwave oven (i.e., without 
a turntable or rotating reflector) using thermography, we place a thin glass plate 
of appropriate dimensions inside the oven. Its height can be adjusted by placing 
Styrofoam underneath it. Glass does not absorb microwaves strongly. To measure 
the mode structure, we either put a wet paper on top of the plate or wet the glass 
plate by covering it with a thin film of water. The plate is then heated in the oven 
for a certain period (depending on the applied power). Right after heating, the 
door is opened and the plate is analyzed with the IR camera. Figure 5.41 shows 
three examples of the observed mode structure of the otherwise empty microwave 
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Figure 5.41 Visualization of horizontal mode out using the turntable. The plate was on the 
structure in a microwave oven. A horizontal bottom (a), at a height of 3.5 cm (b), and at a 
glass plate with a thin water film was heated height of 8 cm (c). 

for 15 s at a microwave power of 800 W with- 


oven for a plate on the bottom of the oven and at heights of 3.5 and 8 cm. In all 
cases, the oven ran for 15 s at 800 W. One can see clearly striking differences; the 
horizontal mode structure also strongly depends on height. 

Unfortunately, the situation is more complex for practical applications. Most 
importantly, the mode structure changes as the oven is filled. For example, when 
an object of a given geometry that can absorb microwave energy is placed in the 
oven, the electrodynamic calculation of the loaded oven gives different mode 
structures compared to the empty oven since the boundary conditions have 
changed. 


5.4.4.3 Visualization of Vertical Modes 

Although a turntable in a microwave oven may be useful in smearing out inho- 
mogeneities of the horizontal mode structure, it does not have the same effect in 
vertical modes. Figure 5.42 shows IR images of a tall glass cylinder about 2 cm 
in diameter filled with water before and after heating in a microwave oven. The 
cylinder was placed in the center of the turntable, which is where most people put 
things in a microwave oven. Obviously, the heating is quite uneven. There are large 
temperature differences of more than 20 K between the bottom, middle, and top 
of the glass. In this case, we found the temperatures to be 76 °C at the top, 43 °C in 
the middle, and 62 °C at the bottom of the glass. If baby food is heated in this way, 
and the cold part is on top, one might mistakenly assume that the whole portion 
of food is cold enough to eat. For this reason, we recommend stirring food in tall 
containers before serving. Of course, the turntable may help somewhat, but only 
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Figure 5.42 Visualization of vertical mode structure in a microwave oven. A glass cylinder 
(diameter 2 cm), filled with about 38 mL of water, was placed on the turntable and observed 
before (a) and after (b) heating for 15s at a power of 800 W. 
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if the container is not placed in the center, since at a fixed height the object may 
eventually also move through maxima as well as minima of the mode structure, 
which may lead to some averaging. 


5.4.4.4 Aluminum Foil in Microwave Ovens 

One often hears that metals or objects with metallic parts should never be put in 
a microwave oven. Physicists know about the origin of this supposed “wisdom’; 
however, they are also aware of the limited extent of its validity. When microwaves 
interact with metals, they are not only effectively absorbed but also reradiate most 
of the energy. Since metals have a good thermal conductivity, the fraction of en- 
ergy that is absorbed is rapidly distributed over the whole metallic body. If this 
body is very massive — for example, the walls of a microwave oven — the new equi- 
librium state, which depends on absorbed power, heat capacity, and heat losses, 
will correspond to a very small warming. The behavior of smaller metallic parts 
strongly depends, however, on their geometry and mass. Very thin metal sheets 
or similar bodies have only a very small heat capacity and can warm up quickly. 
This can even lead to glowing and evaporation, for example, from gold-trimmed 
plates. One should never put such plates in a microwave, unless the gold trim is 
to be removed. 

This leads to the typical question of what happens to thin metal foils like alu- 
minum foil in a microwave oven. Thin strips of foil can heat up quickly, but 
what happens if they have good thermal contact with another body that might 
absorb energy? Figure 5.43 shows two identical beakers filled with water before 
(Figure 5.43a) and after (Figure 5.43b) heating in the microwave oven. The right 
beaker in each image is surrounded by aluminum foil about 30 um thick. This foil 
is thick enough that no microwave radiation will penetrate through it, that is, in 
this beaker, only radiation from the top may reach the water. The foil absorbs a 
small amount of energy, which is transferred to the water inside the beaker be- 
cause of the good thermal contact. However, this transferred energy is much less 
than the energy absorbed in the other beaker by the water itself. Therefore, the 
beaker filled with water heats up much more quickly. Consequently, food should 
never be put in a microwave oven wrapped in thick aluminum foil. 
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Figure 5.43 Two beakers are filled with water. The one wrapped in aluminum foil heats more 
slowly than the one without foil. 


70.0 °C 


70 
60 
50 
40 
30 


25.0 °C 


(a) 


Many more experiments involving IR imaging and microwave ovens can be con- 
ducted [28, 35-37]. 


5.5 
Optics and Radiation Physics 


IR imaging can provide some fascinating insights into the optical properties of 
various materials and objects. Some objects are transparent in the VIS range, 
but opaque in the thermal IR and vice versa, and others are transparent in both 
spectral ranges. The general theoretical background was discussed in Section 1.5; 
some simple experimental results with VIS and LW IR images are presented here. 
More examples comparing VIS and SW IR optical material properties will be dis- 
cussed in Chapter 6. 

IR thermal imaging is based on the laws of radiation by Kirchhoff and on 
Planck’s law, describing the spectrum of thermal radiation. It also depends on 
emissivity and whether gray or selective emitters are studied. Besides using these 
laws, one may, however, also use IR imaging to visualize these concepts. 


5.5.1 
Transmission of Window Glass, NaCl, and Silicon Wafers 


Regular window glass and laboratory glass like BK7 show no transmission above 
A = 3 um (Figure 1.53). Therefore, any IR camera operating at longer wavelengths 
(LW cameras) will not be able to look through thick layers of glass, though MW 
cameras might still see a tiny bit of radiation (see also Figure 3.2). This fact must 
be known to thermographers doing outdoor building inspections. 

Figure 5.44 depicts someone holding a plate of glass (thickness of several mil- 
limeters) partially obscuring his face. Obviously, it is not possible to look through 
glass, which is opaque in the IR spectral range. One may, of course, measure the 
surface temperature of the glass plate, something that is regularly done in building 
inspections. In addition, Figure 5.44 visualizes one of the major problems encoun- 
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Figure 5.44 A room temperature glass plate is opaque to IR radiation. In addition, because of 
the flat surface, it serves as a source of thermal reflections. Here two people are behind an LW 
camera. 


(a) l (b) 


Figure 5.45 VIS (a) and LW IR image (b) of person wearing regular glasses. IR images can often 
erroneously suggest that dark sunglasses were worn. 


tered in the thermography of flat surfaces: they may cause thermal reflections, 
which can give rise to problems in quantitative analysis (Section 3.4.1). 

Objects made of glass are very often encountered in IR imaging, not only in 
building inspections but also when recording images of people. Everyone wear- 
ing regular glasses will appear in IR images as wearing very dark sunglasses (Fig- 
ure 5.45) since the glass is opaque. But why is the glass temperature so much lower 
than the skin temperature? Glasses usually only have poor thermal contact with 
the face, and little thermal energy is conducted from the skin to the glasses at the 
three contact points at the nose and near the ears. Therefore, the heat transfer 
that occurs via convection from the ambient temperature air at the glass surfaces 
dominates and determines the surface temperature. 
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(a) (b) 


Figure 5.46 A special pair of glasses made of two different materials; VIS radiation is transmit- 
ted by both materials, whereas thermal IR radiation is only transmitted by one of them. 


Figure 5.46 depicts VIS and LW IR images of a person using a different pair of 
glasses. One lens is made of regular glass, the other of NaCl. Figure 1.47 shows 
clearly that NaCl will transmit VIS and thermal IR radiation; therefore, one can 
readily look through the lens and observe the higher temperature of the skin near 
the eyes. It is very easy to use the known theoretical transmission of NaCl (about 
91%) and from that calculate correction factors to quantitatively measure temper- 
atures behind the lens [38]. 

In contrast to glass and NaCl, both of which transmit VIS radiation, silicon 
wafers are opaque in the VIS spectral range (spectrum Figure 1.50). Therefore, it 
is not surprising that one cannot see through them using the unaided eye. How- 
ever, IR imaging makes it possible to see through wafers (Figure 5.47). This fea- 
ture is due to the energy gap of silicon of about 1.1 eV, corresponding to a wave- 
length of 1100nm. Any higher energy radiation, that is, radiation with shorter 
wavelengths, can excite electrons across the gap and is thus absorbed: the wafer 
will turn opaque. Radiation with smaller energy levels, that is, energy with longer 
wavelengths such as LW IR radiation, will not be able to excite electrons, that is, 
it cannot be absorbed, meaning the material is transparent. 

In an experiment, a 0.362 mm thick wafer was placed directly in front of an IR 
camera lens. The real part of its index of refraction (7 = 3.42) leads to a transmis- 
sion of about 53% in the LW range. 


5.5.2 
From Specular to Diffuse Reflection 


Usually, only the law of mirror reflection (here called specular reflection) is treated 
(Eq. (1.2), Figure 1.9) when introducing reflection in optics. In contrast, diffuse re- 
flection (Figure 1.11) is encountered much more often in everyday life and tech- 
nology, or at least a combination of diffuse and regular reflection, as illustrated in 
Figure 5.48. 
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(c) 


Figure 5.47 A silicon wafer, polished on both sides, is opaque under VIS light (c) but trans- 
mits thermal IR radiation (a). The IR signal with a wafer is attenuated compared to the image 
without a wafer (b) because of reflection losses at the interfaces. 


Mostly specularly Figure 5.48 Real surfaces have surface 
Incident light reflected light roughness. Therefore, reflection consists of 
a superposition of specularly reflected and 
diffusely scattered light. 


Diffuse 
scattering 


Reflecting surface with 


some micro roughness 


The transition from pure diffuse scattering (e.g., from a wall or blackboard) to 
pure specular reflection (e.g., from a mirror) can be readily examined using IR 
imaging with LW cameras. Diffuse scattering takes place if the wavelength of the 
electromagnetic radiation is comparable to the dimensions of the surface rough- 
ness. However, if the latter dimensions are small compared to the wavelength, 
regular reflection takes place. Analogously, a table tennis ball thrown at a wire 
mesh with dimensions similar to those of the mesh will behave like a diffuse scat- 
terer, whereas a much larger soccer ball will bounce off the wire mesh according 
to the law of reflection. 
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(a) (b) 


Figure 5.49 Transition from specular to diffuse reflection. An oxidized brass plate scatters vis- 
ible light diffusely (a), whereas LW IR radiation leads to a clearly observable specular reflection 
image (b). This behavior is due to microscopic roughness. 


Using VIS and IR electromagnetic radiation the transition from diffuse to spec- 
ular reflection can be demonstrated directly. Consider, for example, a person in 
front of a brass plate that is oxidized and a diffuse scatterer in the VIS range 
(A = 0.4—0.8 um): no mirror image can be seen (Figure 5.49). However, the wave- 
length of the IR radiation, detected in A = 8—14 um IR cameras, is larger by a 
factor of about 10. Therefore, the IR image has a much larger portion of regular 
reflection (see Section 3.4.1 and [39] for more details). 


5.5.3 
Some Light Sources 


Light sources, for example incandescent lamps and discharge lamps, present a lot 
of interesting physics lessons [40]. One particularly obvious feature is the periodic 
brightness variation. In incandescent lamps they can be related to periodic tem- 
perature variations of the filament, which are due to the 50 or 60 Hz AC voltage 
power supplies. These may be measured with suitable IR cameras [40]. 

A related phenomenon is known as the light emitting pickle experiment [41]. 
When a regular pickle is attached to either 110 or 230 V line voltage, it will soon 
start emitting yellow-orange light. The mechanism, though mostly known, was 
recently reinvestigated using spectroscopy and high-speed imaging, in addition 
to IR thermal imaging [41]. IR analysis showed that one or both electrodes be- 
come very hot, reaching up to a few hundred degrees Celsius. The whole process 
also acts electrolytically, that is, hydrogen by itself and hydrogen mixed with oxy- 
gen (oxyhydrogen) exist close to the electrodes, which may be ignited by suffi- 
ciently high electrode temperatures. In addition, the hot electrodes slice through 
the pickle, thereby stopping the whole process after a while. Figure 5.50a depicts 
the light emitted by the pickle, and Figure 5.50b shows an IR image with a very 
hot electrode. 
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(a) (b) 


Figure 5.50 Light-emitting pickle recorded in VIS light (a) and in IR to measure electrode 
temperatures. (b) The T scale is from 20 to 500°C. 


5.5.4 
Blackbody Cavities 


It is believed that blackbody cavities (Section 1.4.6) give the best possible approx- 
imations to blackbody radiation on earth. Therefore, many analyses have been 
conducted on theoretical emissivities depending on the properties of the used 
cavities. According to an old theory by Gouffé, the total emissivity of a cavity re- 
sembling a blackbody is given by [42] 


e=e(1+y) (5.8) 


where 


1 E* 
Eo = e*(1 = s/S) $ s/S (5.9a) 


y=(1-e*) I(¢-=)| (5.9b) 
0 


In these equations, e* denotes the emissivity of the wall material of the cavity, 
s and S are respectively the areas of the aperture and the interior surface, and 
So denotes the surface area of an equivalent sphere, which would have the same 
depth as the cavity in the direction normal to the aperture. Usually, y is a small 
number; however, depending on the cavity shape, it can be positive or negative. 

From Eqs. (5.8), (5.9a), and (5.9b) it becomes clear that even rather small values 
of material emissivity can yield quite large values for the total emissivity. 

Figure 5.51 shows the results of an experiment. A set of three cylindrical holes 
in a metal block could be covered by the shiny cover plate on top with apertures 
to form cavities of different emissivities. IR images of the heated cavities revealed 
that the apparent temperature between the largest and smallest aperture cavi- 
ties evaluated for constant emissivity would differ by more than 2 K. Assuming, 
however, that the differences in the detected IR radiation were due to changes in 
emissivity, the experiment nicely demonstrates the validity of Eqs. (5.8), (5.9a), 
and (5.9b). 


and 
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Figure 5.51 (a) A set of three cylindrical holes perature of around 200°C. (c) The temperature 
in a metal block, which may be covered by along a line through the centers of the holes 
apertures of different sizes to form cavities was evaluated for constant emissivity (see text 
of different emissivities. (b) IR radiation was for more details). 

detected when heating the cavities to a tem- 


The cylindrical holes had an inner diameter of 18 mm and a depth of 36 mm 
each. The apertures used had diameters of 3, 4.5, and 6 mm, leading to values of 
s/S of 0.28, 0.62, and 1.1%, respectively. The values of s / Sọ are even smaller; hence 
the correction term y is always less than 0.01. The metal walls of the cavity were 
already slightly corroded and had an ¢* value of approximately 0.21. This gives 
total emissivities of the three cavities of about 0.96 for the 6 mm aperture, 0.98 
for the 4.5mm aperture, and 0.99 for the smallest 3 mm aperture. These slight 
differences in emissivity directly and quantitatively explain the observed results 
from the IR analysis (Figure 5.51). 

Note that the front plate looks much colder than the holes in the IR image. This 
is due to the lower emissivity of the cover plate (see VIS image in Figure 5.51a). 
Repeating this experiment for a long time leads to the oxidation of the front sur- 
faces, which is accompanied by an increase in emissivity. Therefore, the actual IR 
image may change (i.e., the ratio of the signal from the holes to the cover plate 
changes) when the experiment is repeated, this means that the radiation from the 
cover plate may change. However, the cavity radiation does not change. 
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5.5.5 
Emissivities and Leslie Cube 


The angular dependence of emissivity can be seen in Figures 5.52 and 5.53. In Fig- 
ure 5.52 (see also Figure 4.17), the aluminum cubes painted with high-emissivity 
black paint are shown shortly after being heated to about 160°C. The top face of 
the cubes is observed from a much larger angle than the side faces. Therefore, ac- 
cording to Figures 1.30 and 1.31, its emissivity is lower than those of the side faces. 
Asa result, the top face appears to be cooler, although it is the same temperature. 

Figure 5.53 shows a cylindrical container (large glass beaker) with an attached 
tape of high emissivity. One can clearly see that close to the edge, where the view- 
ing angle is much larger, the apparent temperature drops with respect to the near- 
normal observed areas of the object. A detailed analysis of the shape of the tem- 
perature profile is in agreement with the predictions of the drop of emissivity with 
the observation angle (Figure 1.30). 
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Figure 5.53 Glass cylinders filled with hot water make it possible to simultaneously observe 
emissivity effects due to a large variety of viewing angles. (a) IR image with line across a high- 
emissivity tape. (b) Temperature profile along the line. 
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Figure 5.54 shows an empty Leslie cube at room temperature, observed in such 
a way that two side faces and the bottom face are all viewed from about the same 
viewing angle. If warm objects (say, a person’s finger) are nearby, thermal reflec- 
tions are clearly observable. They are most easily seen for the polished copper 
metal surface but still detectable on the surfaces covered by white and black paint. 
This can be easily explained by Eq. (1.29) as the reflectivity R = 1 — ¢ and the emis- 
Sivity Ecu K Epaints: 

The same Leslie cube is shown in Figure 5.55 while and after being filled with hot 
water. Now the surfaces are much hotter than the surroundings and no additional 
warm objects are in the vicinity. Therefore, no thermal reflections are seen and 
the differences directly reflect the different surface emissivities at this fixed angle. 
The white and black painted surfaces show nearly the same emissivity for the LW 
camera, whereas the polished copper still has a lower emissivity compared to the 
diffusely scattering rough copper surface. 


5.5.6 
From Absorption to Emission of Cavity Radiation 


In most experimental conditions in thermal physics, one must deal with nonequi- 
librium conditions. An instructive experiment uses a small cavity, which resem- 
bles some kind of blackbody radiator. Examples of such cavities include small 
graphite cylinders with an additional hole in the center of the side. Let us assume 
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Figure 5.54 Empty (tilted) Leslie cube with thermal reflections from a finger observed from 
an angle such that the sides are viewed at the same angle: (a) polished Cu, (b) white paint, 
(c) black paint, (d) VIS image. 
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Figure 5.55 (a) Leslie cube while being filled copper, white paint, and black paint (lowest 
with hot water. The cube is observed from a segment). (c) Cube after 90° rotation: rough 
direction such that the sides are viewed at the copper, polished copper, and black paint sur- 
same angle. (b) As in Figure 5.54d: polished face. 


that the graphite surface has an emissivity of, say, € = 0.9, whereas the hole has a 
slightly larger emissivity, around 0.98 (the exact values do not really matter, just 
the difference between surface and cavity values). Such graphite tubes are stan- 
dard sample holders in atomic absorption spectroscopy (AAS). The cavity can 
easily be heated while holding the end between one’s fingers (T > 30°C). After a 
dynamic thermal equilibrium between the fingers and the cavity is established, it 
is warmer than the surroundings, that is, the cavity is now not in thermal equilib- 
rium with the colder surroundings. According to the laws of radiation, the tem- 
perature difference between cavity and surroundings will lead to a net emission 
of thermal radiation from the cavity, the amount being characterized by the emis- 
sivity. Since the cavity has a higher value of emissivity, it emits more radiation, as 
clearly shown in Figure 5.56a. 

The situation may, however, also be reversed by cooling the cavity. This was 
done by placing it between two ice cubes. After a (dynamic) thermal equilibrium 
between ice cube and cavity is established, the cavity is now much colder than the 
surroundings at room temperature. The cavity itself has a high emissivity, that is, 
it also has a high absorptivity (according to Kirchhoff’s law). Therefore, it will ab- 
sorb more radiation from the surroundings than the surface of the graphite tube. 
This energy quickly flows away to the ice cubes owing to conduction, that is, we 
assume that the cavity temperature will remain low (this is why we speak of a 
dynamic equilibrium). The cavity will therefore emit radiation according to the 
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Figure 5.56 A graphite tube (length = 3cm, tube can be used to record IR images while 


inner diameter = 4mm) witha small hole studying the transition from emission (a) to 
(diameter = 2mm), whichis commonly used absorption (b). The tube can be heated by 
as a sample holder in AAS, may serve as a holding its ends between one's fingers (a) or 


cavity (c). A €1 coin was added for scale. The cooled (b) by attaching the ends to ice cubes. 


cavity temperature, which is lower than that of the surroundings. This must be 
compared with the radiation from the graphite tube surface. Assuming the same 
temperature (thermal equilibrium within the tube), the radiation should be lower 
than that of the cavity due to the lower emissivity. However, since its emissivity is 
lower, its reflection coefficient is automatically much higher (Eq. (1.29)). There- 
fore, the amount of thermal radiation from the much warmer surroundings, which 
will be reflected from the tube surfaces, adds up to the pure thermal emission. This 
leads to a much larger total emission from the surface compared to the cavity. As a 
consequence, the cavity emits much less radiation than the tube surface, as shown 
in Figure 5.56b. 


5.5.7 
Selective Absorption and Emission of Gases 


The transition from absorption to emission of radiation by a selective emitter can 
also be demonstrated very nicely using selectively absorbing and emitting objects 
like molecular gases (see Chapter 8 for details). Figure 5.57 illustrates experimen- 
tal results recorded with an LW camera using SF, [43]. SF was used to fill a plas- 
tic bag and cooled to about —20°C in an air convection cooler. The cold gas bag 
was removed from the cooler, the valve of the bag was opened, and cold gas was 
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Figure 5.57 Absorption of cold SF, (T ~ —20°C) (a) and emission from warm SF, (T % 80°C) 
(b) in front of a wall at room temperature (detected with an LW camera). 
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pressed out of the valve. The process was observed with the IR camera using a wall 
at room temperature as background. As shown in Figure 5.57a, the IR radiation 
from the wall toward the camera is significantly attenuated owing to absorption 
within the gas. This is due to the strong absorption bands of SF, in a wavelength 
range of around 10-11 um. 

To observe emission at these wavelengths, we placed the gas-filled bag in our 
air convection heating system. The gas was heated to about 80°C. It was removed 
from the heater, the valve was opened, the gas was pressed out of the valve, and 
the process was again observed with the same wall at room temperature as back- 
ground. The result presented in Figure 5.57b clearly demonstrates the emission of 
the hot gas, which leads to an increase of IR radiation from the streaming gas. De- 
tails of gas absorption and emission, along with the corresponding technological 
applications, are discussed in Chapter 8. 
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Chapter 6 
Shortwave Infrared Thermal Imaging 


6.1 
Introduction 


Applications for the three typical wavebands used in infrared (IR) thermal imag- 
ing can differ quite significantly. Though sometimes used qualitatively, for exam- 
ple, as optical gas imaging devices (Chapter 8), mid-wave (MW) and long-wave 
(LW) cameras are predominantly advertised as temperature-calibrated instru- 
ments for quantitative investigations. In contrast, short-wave (SW), also called 
near infrared (NIR), cameras are mostly used for qualitative visualization and their 
use as temperature-calibrated instruments is just one among many other poten- 
tial applications. The reason for this difference compared to MW and LW cameras 
lies within the physics differences of NIR radiation and the corresponding optical 
properties of studied materials and objects. In this chapter NIR and SW are used 
synonymously. 


6.2 
The Why and How of SW Infrared Imaging 


SW cameras operate in a spectral range of 0.8 um to about 1.7 um (Figure 1.8). 
They are not often advertised as being temperature-calibrated measurement de- 
vices because they cannot be used at the low temperatures where MW and LW 
cameras are common. Room temperature objects emit more or less negligible 
amounts of SW IR radiation (Figures 1.21 and 1.22). This means that, although 
they theoretically have advantages when it comes to temperature contrast, ther- 
mal reflections, and emissivity uncertainties (Section 2.3.3), the reduced detected 
radiances do not allow measurements for temperatures below around 200 or 
300°C. Therefore, temperature-calibrated systems usually start above 300°C, de- 
pending on the wavelength range, and extend to a maximum of around 3000°C. 
At these elevated temperatures, SW cameras can indeed resemble precise quan- 
titative measurement devices like MW and LW cameras in the lower temperature 
ranges. 
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Figure 6.1 Main differences between IR imaging in MW/LW bands compared to SW band. 
Resulting images are visualized above the cameras. 


Of course, there are industrial high-temperature applications, for example, the 
study of furnaces or molten glass and metals in various processes, and SW cam- 
eras are beginning to replace other spot measurement devices such as pyrometers. 
However, high-temperature applications alone would not have led to the enor- 
mous developments seen in the field. Many applications of SW cameras nowadays 
also involve the study of objects at much lower temperatures. 

Figure 6.1 illustrates the major differences between IR imaging in the various 
spectral ranges. With MW and LW cameras, one usually detects the emitted ther- 
mal radiation even of room temperature objects. An MW or LW camera detects 
the radiation and gives a thermal image, which, if the camera is calibrated, allows 
one to measure surface temperatures, here of a cup filled with a hot liquid. In 
contrast, SW imaging works more or less as imaging in the visible (VIS) spectral 
range. One mostly detects scattered radiation from an object. The source may be 
the sun, an incandescent lamp, or light-emitting diodes, for example. Therefore, 
a SW camera usually cannot deduce object temperature but rather detects ob- 
jects as any regular VIS camera does. For higher temperatures, a SW camera will 
of course in addition also detect emitted object thermal radiation. In this case it 
can in principle be used for temperature measurement if the amount of residual 
scattered radiation is small or well known. 

In this sense Figure 6.1 also visualizes the well-known general difference be- 
tween active and passive imaging systems. Passive systems just detect object ra- 
diation, whereas active systems use an additional radiation source such that an 
object scatters this radiation toward the sensor for image generation. 

In outdoor use VIS cameras utilize solar radiation. Figure 6.2 illustrates a spec- 
trum of solar radiation outside the atmosphere and at sea level at midlatitudes as a 
function of wavelength from the ultraviolet (UV) up to 2.5 um, including the SW 
band. Obviously, although the radiation decreases strongly towards the IR (for a 
surface temperature of roughly 6000 K, the wavelength of maximum spectral irra- 
diance is in the VIS range according to Wien’s displacement law) (Eq. (1.16)), there 
is still enough radiation in the SW band, which may be used for imaging. There- 
fore, SW cameras should easily work outdoors when using scattered radiation for 
imaging. 
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Figure 6.2 Solar radiation spectrum outside of atmosphere and for cloudless skies at 45° 
latitude at sea level from VIS to IR range. Considerable radiation is still available in the SW band 
(after [1]). 
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Figure 6.3 Typical reponsivity spectra of silicon and InGaAs detectors (after [2]). The colored 
bar refers to the VIS spectral range. The gray bars indicate the very NIR if detected with silicon- 
based camera sensors and the SW range detectable with InGaAs cameras. 


Many different kinds of sensors are available for the SW range. Owing to re- 
cent progress in semiconductor technology, it is now possible to easily produce, 
for example, InGaAs sensors with quantum efficiencies above 80%, that is, every 
100 incoming IR photons yield at least 80 electrons in the detector (this is already 
rather close to the ideal situation of 100%, where each photon creates a photoelec- 
tron; see Section 2.2.4.1). Since IR radiation has lower photon energies than VIS 
radiation, the detector sensitivity (usually defined for photodiodes in photocur- 
rent per incident radiant power in A/W is higher for NIR diodes than for visible 
ones). This is illustrated in Figure 6.3, which depicts the responsivity of a Si and 
an InGaAs photodiode. 
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Current InGaAs technology can produce sensors with extended wavelength 
ranges starting at around 0.5 um (although most manufacturers mention 0.4 um; 
see subsequent discussion). At VIS wavelengths, the responsivity of these sensors 
is, however, always smaller than those made of silicon and decreases already be- 
low 0.2 A/W for A < 0.6 um. Commercial array sensors with 640 x 512 pixels are 
advertised as having below 0.37% bad pixels [2], that is, less than about 1200 out 
of 328 000 pixels may not work. The highest-grade IR cameras should have much 
smaller numbers, at least by a factor of 10. 

Although InGaAs is the sensor of choice for most manufacturers, several other 
sensor types are used in SW cameras (see also Section 6.4). These include mercury 
cadmium telluride (MCT) detectors in a wavelength range from 0.8 to 2.5 um, Ge 
detectors (0.4—1.6 um) [3], InSb (0.4 um up to 5 um, for SW typically 0.9-2.5 um), 
as well as silicon-based sensors (0.8—1.1 um). For elevated temperature measure- 
ments, additional narrowband filters are used. A major advantage of SW com- 
pared to MW and LW cameras is that SW cameras operate in a region where glass 
optics is still transparent (Figure 1.53), that is, the optics is much less expensive 
than IR optics in the other ranges. 

Focal-plane arrays (FPAs) typically have around 640 x 512 pixels; some, how- 
ever, are already available in high-definition (HD) format with 1280 x 1024 pixels. 
Individual pixel sizes vary between 12.5 um and around 30 um. If variable, inte- 
gration times start at around a minimum of 5 us. 

Knowing that many applications of SW cameras utilize scattered radiation and 
that the combination of sensors and available solar radiation in the SW and VIS 
ranges are similar, one might ask why nonradiometric SW cameras are produced 
and sold at all. The answer is simple: although the technologies and radiation 
sources are similar, we can already qualitatively gain a vast amount of new infor- 
mation in the SW band that is not available with VIS light imaging. The reason is 
hidden in the physics, which varies with wavelength. On the one hand, the optical 
properties of matter change with wavelength; on the other hand, the interaction 
processes between matter and radiation can change, too. We will illustrate some 
of these effects in the next section. 


6.3 
Some Applications of SW Infrared Imaging 


Table 6.1 lists a number of typical applications of SW IR cameras. There is a great 
variety of different uses of NIR imaging, and they cover quantitative as well as 
qualitative imaging. In what follows, a few examples will be presented in more 
detail; however, no claim is being made as to the completeness of coverage of this 
rapidly evolving field. To understand the underlying physics, we first discuss the 
influence of the optical properties of water and water vapor since they are needed 
to explain the contrast observable in some SW images. 
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Table 6.1 Typical uses and application areas of SW cameras and summary of underlying 
physics. Examples with figures are given in Section 6.3.3. References are arbitrarily chosen for 


the various fields. 


Specific use of NIR 


High-temperature 
measurement 


Vegetation 
changes, mineral 


mapping 


Looking through 
haze/smoke 


Sorting plastics 


Looking through 
paints/inks 


Fruits and vegeta- 
bles: detect bruises 
before observable 
in VIS 


Optical material 
properties 


Moisture detection 


Surveillance and 
security, crime 
scene imaging 


Astronomy 


Hot glass inspec- 
tions 


Wafer inspections 


Telecommunication 
equipment testing 


Medical use 


Examples for appli- 
cation field 


Metal industry, fur- 
naces 

Nature or air- 
borne/satellite imag- 
ing 


Wildfires, con- 
trast enhancement 
sky/clouds 


Recycling industry 


Art inspections, 
reflectography, de- 
tection of forged 
banknotes 
Agricultural indus- 
tries 


Teaching 


Remote sensing, 
building thermogra- 
phy 

Vision enhancement, 
forensic sciences 


NIR sensors for tele- 
scopes 


Looking for defects 


Microelectronics and 
solar cell industry 


Laser beam mapping 


Searching for 
blood vessels below 
skin, life images at 
surgery, air bubbles 
in syringes 


Physics for image 
contrast 


Thermal radiation 


Different absorption/ 
reflection/scattering 
depending on mate- 
rial 

Different scattering 
of sky vs. clouds, 
air/smoke/dust, wa- 
ter 

Different absorption 
in plastic/water 


Little absorption in 
paints, varnishes 


Strong absorption in 
water below surfaces 


Different absorption 
of liquids in VIS and 
NIR range 

Strong absorption of 
water 


Residual light in 
atmosphere: night- 
glow; spectra 
Radiation emitting 


stars, dust, and so 
forth 


Scattered laser light 


Different scattering 
in skin, air, blood 
vessels 


References, figures 


[4-8] 

Figures 6.8, 6.9 
[9-17] 

Figures 6.10 and 
6.11 


[1, 18-20] 
Figures 6.12—6.14 


[21-24] 

Figure 6.15 

[1, 18, 25-29] 
Figures 6.16-6.20 


[30-32] 
Figures 6.21 and 
6.22 


1, 28] 
Figures 6.23-6.25 


33-35] 


Figures 6.26 and 
6.27 


36-39] 


40, 41] 


31] 
42-44] 


45, 46] 


1, 26, 47-51] 
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Figure 6.4 Liquid water absorption in NIR range (after optical constants from [52]). 


6.3.1 
Water Optical Material Properties 


Water strongly influences contrast in SW IR imaging, as will be demonstrated 
later on in Section 6.3.3. The transmission of liquid water depends on its opti- 
cal properties, as indicated by its index of refraction (Section 1.5.4.2). Figure 6.4 
presents an enlarged view of Figure 1.54 focusing on the SW region. The trans- 
mission is based on literature data for the optical constants of water [52]. Water 
films with a thickness of just 1 mm already lead to observable absorption bands at 
1 and 1.2 um and much stronger absorption bands around 1.4 um, 1.9 um and well 
above 2.5 um. Therefore, any macroscopic water film will show strong absorption 
features in the SW IR starting at wavelengths of 1 um. 

In addition to liquid water, SW cameras looks through the atmosphere, which 
contains water vapor, and images will strongly depend on the amount of water 
vapor. Figure 6.5 depicts the transmission of a 10m path of air — similar to Fig- 
ure 1.45a — however, expanding the SW IR region. The absorption bands in the gas 
phase are shifted with regard to those in the liquid phase (Figure 6.4). This is due 
to the additional hydrogen-bridge bonds between neighboring water molecules 
in the liquid phase. From Figure 6.5 it is obvious that water vapor absorption will 
have more impact on SW images (0.9—1.7 um), in particular for long path lengths, 
but less so for NIR images (0.8—1.1 um). 


6.3.2 
Cameras Used in the Experiments 


For most of the examples shown in what follows, two types of SW IR camera were 
used (Figure 6.6), first, a commercial SW camera with an InGaAs detector oper- 
ating from 0.9 to 1.7 um and, second, a modified commercial digital single-lens 
reflex (DSLR) camera. 
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Figure 6.5 Transmission of a horizontal 10 m path in an atmosphere of 60% relative humidity. 
The absorption bands are due to rotational-vibrational excitations of the water molecules. 


(a) (b) 


Figure 6.6 SW IR cameras used for most experiments in this section. (a) SW camera FLIR 
SC2600 with InGaAs sensor (0.9-1.7 um) and (b) modified Canon EOS1000D camera with sil- 
icon sensor (0.8-1.1 um: NIR cutoff filter removed and VIS blocking filter added). 


In regular compact digital cameras or DSLR cameras with silicon-based detec- 
tor chips, the detector sensitivity is somewhat similar to that shown as left blue 
graph in Figure 6.3. While recording regular photos, the NIR part of the inci- 
dent radiation is blocked by an IR cutoff filter (Figure 6.7a). For SW operation, 
this filter is removed and an additional filter is introduced to block the VIS light 
(Figure 6.7b [1, 28]). Depending on the cut-on wavelength of the latter filter, the 
modified camera then only detects NIR radiation between, for example, 800 and 
1100 nm. Although CCD sensor efficiencies may slightly differ from those of sil- 
icon photodiodes (Figure 6.3), it is obvious that they are able to detect NIR ra- 
diation, as indicated by the gray “NIR” box between 800 and 1100 nm. (A word 
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Figure 6.7 (a) Typical NIR blocking filters in DSLR camera and (b) VIS blocking filters used for 
NIR photography. The cut-on wavelength is variable (see [1] for more details). 


of caution: removing the IR-blocking filter means opening the camera case, that 
is, any warranty will be voided, so only a specialist should perform the necessary 
camera modifications). 


6.3.3 
Selected Examples of SW Imaging 


6.3.3.1 High-Temperature Measurements 

Although it is not the primary use of SW cameras in industry, quantitative mea- 
surement of high temperatures is possible and has been demonstrated, for exam- 
ple, for the metal/steel industry, metal welding, manufacturing, and the study of 
furnace walls and wafers [4—6, 8]. The most often studied objects of high tem- 
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Figure 6.8 Quantitative images of liquid metals (a, b) recorded with an Optris PI1M NIR cam- 
era (c). Image courtesy: Optris GmbH, Berlin, Germany (www.optris.com). 


peratures are metals. Figure 6.8c depicts an Optris NIR camera, operating with a 
CMOS sensor (764 x 480 pixels at 32 Hz or 72 X 56 pixels at 1 kHz) in a wavelength 
range between 0.85 and 1.1 um. The camera comes radiometrically calibrated for 
temperatures up to 1800 °C with a noise-equivalent temperature difference of un- 
der 2 K at 1000°C. Figure 6.8a,b shows two typical applications in the liquid metal 
industry, operating above 1500°C. Figure 6.8a shows an example using the soft- 
ware tool hot spot tracker: it gives the temperature of the hottest spot within the 
indicated region of interest (ROI). Figure 6.8b shows another example outside the 
ROI. Here the maximum temperature within the image is given. 

Since metals usually encounter the problem of unknown emissivity, which com- 
plicates any analysis, one often uses two-color ratio thermography for NIR or even 
VIS wavelengths. The technique and associated problems that might limit the 
achievable temperature accuracy were discussed in detail in Section 3.2.2. 

We include a corresponding VIS ratio imaging example, recorded with a com- 
mercial camera. Figure 6.9 depicts an example of a MAG welding process [8], ob- 
served with a PyroCam (Table 6.2) operating at two nearby wavelengths of 663.1 
and 679.5 nm at the red end of the VIS spectrum. 

MAG welding refers to a metal active gas welding process, in which an elec- 
tric arc is formed between a feed wire and the workpiece. A shield gas is injected, 
usually CO, or argon, which protects wire and workpiece from the oxygen and 
nitrogen in the air. MAG welding is used, for example, in the automotive industry 
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Figure 6.9 Surface temperatures of welding at wavelengths of 663.1 and 679.5 nm. The 
joint (width of image about 45mm) between temperature scale ranges from 600 °C up 
two metal sheets, recorded with a ratio ther- to 1900°C. (see text for details; courtesy S. 
mal imaging PyroCam VIS camera operating Goecke, TH Brandenburg/Germany). 


for connecting metal sheets. The two metal sheets on top of each other are ini- 
tially separated by a small gap. Upon welding the wire within, the arc melts and 
forms a weld joint between the two sheets. Figure 6.9 depicts the PyroCam image 
observed from above. The shown horizontal dimension amounts to about 40 mm, 
covered by 640 pixels. The arc moved from right to left. Temperatures are indi- 
cated by the false color bar within the arc area. The analysis revealed maximum 
values of around 1800°C. 

Another interesting example of quantitative high-temperature analysis with 
SW and VIS cameras dealt with wafer temperatures in molecular beam epitaxy 
processes. Substrate temperatures belong to the most important process vari- 
ables and their accurate knowledge is therefore desirable. Image-based methods 
have advantages, in particular when studying temperature variations across a 
wafer. It was demonstrated that a simple and rather inexpensive method may 
use the silicon sensor of a modified DSLR camera, utilizing IR radiation with 
wavelengths longer than 720 nm. The camera was calibrated and then applied to 
wafers, detecting temperatures in a range of 400—600°C [5]. 

These were just two examples, and there are of course many more potential 
applications for quantitative high-temperature measurements with such cameras. 


6.3.3.2 Vegetation Studies 

Vegetation has very characteristic features in the SW range that are exploited, for 
example, in satellite-based remote hyperspectral imaging (for an explanation of 
the technique see Section 3.2.3). An example is the Hyperion imager on board 
the EO-1 platform, which has 220 spectral bands in the 400—2500nm wave- 
length range, a 30 m spatial resolution (corresponding to pixel size), and a 7.5 km 
swath [11]. The spectral signatures of green vegetation and minerals such as talc, 
dolomite, chlorite, white mica, and possibly tremolite are clearly resolvable. Sev- 
eral studies focused on green vegetation, and particularly coniferous forest canopy 
covers [10] and differences with deciduous forests [12]. Usually the difference in 
reflectance in NIR and VIS is compared [16, 17], which depends on chlorophyll 
content and plant health. From that one may distinguish between healthy and 
unhealthy vegetation before differences become apparent to the naked eye. 
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Figure 6.10 Urban scene (a) in VIS (0.4-0.7 um) and (b) in NIR (0.8-1.1 um). Green vegetation 
appears spectacularly bright in the NIR, and the contrast between sky and clouds is much 
greater compared to the VIS photo (after [1]). 


The main features of vegetation in the SW range become apparent already in 
recordings of everyday outdoor scenes. Figure 6.10 shows an example of conven- 
tional visible photos (Figure 6.10a) and a pure NIR photo (Figure 6.10b) of an ur- 
ban scene containing houses, sky, clouds, and trees with green leaves. The most 
obvious differences are indeed much brighter vegetation, darker regions of clear 
sky, and higher contrast between clear sky and clouds. Already in 1910, the first 
NIR photographer, Wood, wrote: “... We obtain in this way photographs of ob- 
jects taken by means of the infra-red radiations. They are quite different in ap- 
pearance from ordinary photographs, their chief peculiarity lying in the intense 
blackness of the sky and the extreme brilliancy of the trees and grass. They re- 
semble snow-covered landscapes in bright moonlight more than anything else 
...” [15]. In honor of his pioneering work on IR photography, the effect by which 
green vegetation looks extremely bright is called the Wood effect [13, 14]. 

The now commonly accepted explanation of this phenomenon (Figure 6.11a) 
assumes that light enters the epidermis of leaves and is scattered in deeper sec- 
tions where there are many cellular walls of interior cells separated by air inclu- 
sions. This model is strongly supported by ray-tracing models [9]. Multiple scat- 
tering events finally give rise to very strong backscattering. 

The strong NIR backscattering in leaves can also be verified experimentally by 
recording reflection spectra of sunlight from green vegetation. Figure 6.11b shows 
some examples of reflection spectra for green leaves. There is always a strong in- 
crease in reflectance starting around à = 700 nm, which correlates well with the 
scattering observed in the photos. A biological consequence of high-NIR reflec- 
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Figure 6.11 (a) Scheme of light paths through times, the other one two times. (b) Reflectiv- 
leaves: after entering the leaf epidermis, light ity spectra of two green and one red leaf. The 
may be multiply scattered at the cellular walls minimum thickness of the leaves was around 
in deeper regions, as shown for two exem- 100 um for the green and 200 um for the red 
plary rays, the left one being scattered three leaf (after [1]). 


tivity is that plants will not heat up too much owing to incident solar radiation, 
which is important for survival in hot climates. Interestingly, the NIR behavior 
appears to be independent of the visual color of the leaf. One may note that the 
absorption features of chlorophyll, which are responsible for photosynthesis, are 
only important in the VIS spectral range. 


6.3.3.3. Sky-to-Cloud Contrast Enhancement 
Figure 6.10 also shows partly cloudy and hazy skies. Similarly, Figure 6.12 depicts 
a late winter scene with part of our university building, some grass but trees still 
without leaves and a more or less blue sky. 


(a) (b) 


Figure 6.12 VIS (a) and NIR (0.8-1 um) photo of a scene with blue sky and a few faint cloud 
shadows. 
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These images again clearly show that there is a much higher NIR contrast be- 
tween the clear sky and the clouds. The reason lies in the scattering characteristics 
of molecules, haze particles, and the much larger cloud droplets. 

Qualitatively, the molecular scattering efficiency by atmospheric gases under- 
goes a rapid (1/A*) falloff. In contrast, the scattering by much larger cloud droplets 
leads to a more gradual reduction of scattering efficiency with wavelength. The 
consequence is higher NIR contrast. 

A quantitative explanation can be based on Figure 6.13, which depicts theo- 
retical spectra of scattered light from the clear zenith sky (lower curve at long 
wavelengths) and an altostratus cloud (top curve at long wavelengths). Obviously, 
the clouds give rise to a much higher radiance in the NIR compared to the VIS 
spectral range. This means that clouds will have a much higher contrast in a NIR 
image compared to a VIS image and that they will be imaged as bright and some- 
times quite spectacular objects compared to a clear sky. 

A similar explanation applies to tiny haze particles. Their size lies in between 
those of molecules and cloud droplets but — like molecules — they still predomi- 
nantly scatter light according to the (1/A*) law, that is, they will scatter much less 
in the NIR than in the VIS spectral range. Therefore, NIR images have also been 
considered to help in the reduction of haze effects in photography [20]. As a conse- 
quence, NIR imaging is also used as a means of contrast enhancement [19]. This 
is nicely illustrated in Figure 6.14, which shows NIR and VIS images of the San 
Francisco—Oakland Bay Bridge in haze (panels a,b) and of a forest fire, observed 
from a plane from a distance of several kilometers (panels c,d). NIR images were 
recorded with 640 x 512 pixels. The bridge was recorded in July 2008 with a lot of 
haze in the air. It was at a distance of about 10 km, the hills behind at about 40 km. 


[o) 
ary 
N 


(%)} 
= 
[o) 


2 
fæ] 
© 


Altostratus 
clouds 


sad 
fæ] 
(=) 


Clear 
zenith 


Spectral radiance (W/(m2 sr nm)) 
oO 
(=) 
O 


oS 
fæ] 
ro) 


400 600 800 1000 


Wavelength (nm) 


1200 1400 


Figure 6.13 Spectra of scattered sunlight 
for clear zenith sky and altostratus cloud 
calculated with Modtran for solar zenith an- 
gle of 45° and the 1976 US Standard Atmo- 
sphere model, which represents quite typi- 
cal midlatitude conditions that are relevant 


to much of the USA and Europe. The simu- 
lated cloud was characterized by a base at 
2.4km, top at 3.0 km, and total extinction of 
128.1 km ', that is, the cloud optical depth is 
0.6km - 128.1 km7! = 76.9 (after [1]). 
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Figure 6.14 SW IR (a,c) and VIS (b,d) images side by side. (a,b) San Francisco-Oakland Bay 
Bridge and distant hills observed through haze. (c, d) Forest fire around Mt. Hood from plane. 
Images courtesy: UTC Aerospace Systems.. 


The difference in contrast and visibility with clear advantages for SW imaging is 
obvious. Similarly, SW radiation with its longer wavelengths than VIS light can 
penetrate forest fire smoke, which is also composed of tiny particles that scatter 
less at longer wavelengths. The images in Figure 6.14c,d were recorded in the Mt. 
Hood region from distances of around 2 to 7km. Again, the SW radiation can 
more easily penetrate through the smoke such that the SW image reveals where 
the active hot spots are. We mention that for the purposes of looking through 
haze and forest fire surveillance, one may also use longer-wavelength IR cameras 
(Sections 10.9 and 11.5.2). 


6.3.3.4 Sorting Plastics and Detecting Liquid Levels in Plastic Containers 

Plastics are selective absorbers and emitters (Figure 1.55 and Section 10.8). This 
means that they are partially transparent to IR radiation. The rather sharp and 
characteristic absorption features in the spectra correspond to well-defined exci- 
tations in the polymer molecular structures in plastics. Therefore, different plas- 
tics have different IR spectra, in particular different SW spectra as well. This prop- 
erty has led to an industrial application involving the sorting of plastics in re- 
cycling facilities [21-23]. Similarly, different SW spectra have been used for the 
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material classification of cellulose-based materials such as paper, pulp, and card- 
board [24]. 

The task of plastic sorting is to identify and sort bales of crushed and com- 
mingled bottles and containers. Polyethylene terephthalate (PET) and polyvinyl 
chloride (PVC) bottles are difficult to distinguish by sight alone, but doing so cor- 
rectly is crucial for the sorting of these particular polymers. Just a few parts per 
million of PVC in the PET remolding process will ruin the PET resin from recy- 
cled material and any products made from it. The distinction between PET and 
PVC is made by their dominant absorbance peaks in the SW IR range, which is at 
1660 nm for PET and 1716 nm for PVC. Therefore, IR sensors analyze the plastic 
parts according to their spectra. The method has been used successfully to iden- 
tify polymer types in samples of crushed, dirty bottles collected from a recycling 
plant. 

The fact that plastics are selective emitters and absorbers, that is, are partly 
transmitting in the NIR range, has another interesting application. Consider, for 
example, colored plastic containers that are opaque in the VIS spectral range. 
When they contain strongly absorbing liquids such as water, a SW IR camera can 
detect the filling level [31]. The reason is simple: incident SW radiation is incident 
on the bottle and its content. It will be scattered toward the observer. However, 
water absorbs more than the air above it, so there will be a strong contrast indi- 
cating the filling level. 

Figure 6.15a shows an example of a green and, in the VIS range, opaque plastic 
bottle. It is partly filled with water, the regular visible photo (Figure 6.15c) shows 
no change whatsoever. In contrast, if detected in the SW, there is a change from 
the empty (Figure 6.15b) to the partly filled bottle (Figure 6.15d). 


6.3.3.5 Looking Beneath the Surface 

The first time IR radiation was excessively utilized in a technique to investigate 
paintings below the paint layers was around 1956 [53]. Owing to the development 
of much better IR camera technology in subsequent decades, a method called 
IR reflectography for the investigation of artwork was established [54]. In brief, 
NIR radiation is able to penetrate below paint layers, thereby enabling a look be- 
neath the surface. This makes it possible to reveal, for example, underdrawings 
and, thus, can help to establish whether a painting is genuine or a fake. IR re- 
flectography now belongs to the established methods in art inspection, similar to 
X-ray radiography (see, e.g., also [25—27, 29]). 

The principle idea behind IR reflectography or similar techniques to look be- 
neath a surface covered with paint or varnish is illustrated in Figure 6.16. The layer 
names here refer to those used for paintings; however, the scheme may also be ap- 
plied to other surfaces, covered with visibly opaque layers. A painting consists of 
a canvas covered by a ground layer. Quite often artists used a pencil or coal under- 
drawing on the ground layer before adding the paint layers and finally the varnish. 
For analysis, in particular IR reflectography, the painting is illuminated by VIS and 
NIR radiation. In visible light, the paint layer hides the ground and drawings due 
to absorption in the paint pigments and reflection, that is, the visible light cannot 
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a 


a) (b) 
(d) (e) 


(c) 


Figure 6.15 Visibly opaque dark green plastic bottle, either empty (a,b) or partly filled with 
water (c-e). The VIS camera image (c) shows no difference from (a), whereas the water level 
can be easily detected by the InGaAs SW camera (d,e). 


penetrate the whole paint layer. In contrast, many pigments no longer absorb ra- 
diation of longer wavelengths in the SW range. Therefore, SW radiation can go as 
far as the drawings on top of the ground layer. How much radiation reaches the 
ground depends on the thickness of the paint layer and types of pigments used. 
Some paints will be transparent to SW, others will partially absorb, appearing gray 
or even black. As a rule, the longer the wavelength, the less absorption will take 
place. IR radiation that is backscattered either from pigments or the ground layer 
is imaged with a SW camera. 

In art inspection sciences, the resulting image is called an IR reflectogram. Ide- 
ally, the ground layer is white and highly reflective and underdrawings are made 
from carbon-containing materials like carbon black. The latter have high absorp- 
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Figure 6.16 Scheme of working principle of | but may be absorbed from underdrawings, 

IR reflectography or similar techniques to look whereas visible light (green) is absorbed in the 
beneath the surface layers of objects. NIR ra- paint layer (after [29]). 

diation (red) usually penetrates the paint layer 


tion in the NIR range, that is, there is much less backscattered radiation from the 
underdrawing than from the ground, which results in high contrast. 

Usually, InGaAs cameras are used in IR spectrography. Since art inspections 
almost always require high spatial resolution, specialized manufacturers now offer 
scanning systems with up to 16 megapixels [55]. A corresponding analysis may 
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Figure 6.17 VIS (a), NIR (b), and InGaAs to read the text and one might just be able 


(c) photo of black text from a laser printeron to see through the blue color. The NIR (b) and 
regular paper as seen through various colored InGaAs photos (c) do, however, allow one to 
text markers. In the VIS (a) it is very difficult make out the text. 
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use a 250 lux illumination source and scan an image within 2 to 10 min at high 
resolution. To be sensitive to various paint layers (pigments), one can also use 
different spectral filters. 

We demonstrate the principle of IR reflectography in a simple experiment [1, 
28]. As paint we first use colored ink from permanent overhead transparency 
markers on top of black text from a laser printer on regular paper illuminated 
by an incandescent lamp. It is nearly impossible to read the text below the ink in 
the visible photo (Figure 6.17a). If anything at all is legible, it will likely be the text 
below the blue ink in light transmitted through the paper. In contrast, the NIR 
photo recorded using a modified DSLR camera (Figure 6.17b) demonstrates that 
the ink is more or less transparent to NIR radiation. The original photo (which 
still had some residual false color; see [1]) was transformed into a grayscale im- 
age and slightly contrast enhanced. Last but not least, the photo recorded with 
the InGaAs camera (Figure 6.17c) shows the text with good contrast and clearly 
demonstrates that it is very easy to see beneath surfaces. Figure 6.17d shows an 
exemplary transmission spectrum of the black ink, which was covering part of a 
clear overhead projector transparency. Clearly, the ink transmits nearly no visible 
light but is becoming transparent in the NIR range. 

Similarly, Figure 6.18 shows an example of a text covered by thick layers of var- 
ious acrylic color paints such that the text is no longer legible in the visible photo 


\ 


ul ig ces 


Figure 6.18 VIS (a), NIR (b), and SW IR (c) photo of black text seen through acrylic paints. The 
NIR and InGaAs images are enlarged sections from the upper right corner and cover black, 
green, red, and the beginning of the yellow color. 
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(Figure 6.18a). In contrast, the NIR photo by the DSLR camera (Figure 6.18b) and 
the InGaAs camera image (Figure 6.18c) allow us to read most of the text. The 
acrylic black does indeed absorb a lot of NIR as well as SW IR and is not trans- 
parent. The nearby green paint still absorbs part of the NIR radiation between 
0.8 and 1.1 um but becomes more transparent toward longer wavelengths, which 
explains the difference between panels b and c of Figure 6.18. 

The paint layers in the preceding example were opaque, mostly because of ab- 
sorption within the pigments. A second reason why objects can be opaque is scat- 
tering. Radiation transport through materials such as paper involves a lot of scat- 
tering but little absorption. Consider, for example, an optical structure such as, 
once again, black text on white paper (Figure 6.19a). If illuminated by light, an 
observer will see less light from the absorbing paint than from the surrounding 
white paper. This leads to contrast, and the text will be readable. If a sheet of pa- 
per is placed on top, one might be able to see through the paper and detect text 
with the naked eye if the paper is thin. For thick paper or two sheets of paper, for 
example, the eye will be unable to detect the underlying text (Figure 6.19b). 


SIDIG MO 
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Figure 6.19 Visible (a,b) and SW images (c,d) visible image, that is, the paper is opaque (b). 
of black text on paper. If the text (a) is covered For the SW image (d), the two sheets were dis- 
with two sheets of paper (thickness around placed to better visualize the effect. The text is 
200 um, 80 g/m?), it is no longer legible in the _ still clearly recognizable. 
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Figure 6.20 (a) Visible light undergoes multiple scattering in paper such that any directional 
information is lost after a few scattering events. (b) NIR radiation scatters mostly in the forward 
direction. 


The explanation is multiple scattering: after a large number of scattering events, 
any initial directional information of the visible light propagation (which may 
give rise to an image contrast) is lost (Figure 6.20a). This applies to potential di- 
rected illumination as well as diffusely scattered radiation from the inner bound- 
ary. Therefore, any contrast at the interface is washed out in a covering paper. The 
scattering efficiency of radiation in paper is, however, wavelength dependent. The 
longer NIR wavelengths are scattered less. Forward scattering dominates such 
that some of the text can still be read/guessed (Figure 6.19d), in particular if some 
image-processing contrast-enhancement technique is applied (either included in 
the software or supplementary program used after recording). 

In transmission, that is, having the text and the paper between a light source 
and the camera, we could even see through up to 10 pages (1 mm thick). 

Finally, NIR radiation can also be used in the inspection of banknotes. Most 
banknotes have a number of characteristic features that are used to test for forgery, 
and some of these features can be clearly seen in NIR radiation. 


6.3.3.6 Undamaged Fresh Fruit/Vegetable Test 

The fruit industry faces the general problem that before or during transport, some 
fruit may become damaged, for example, by bruises, which on the one hand de- 
creases fruit quality and on the other can lead to much shorter ripening times. 

Several inspection techniques are available, one of them being nondestructive 
inspection by NIR imaging. 

The criterion for a bruise in this case is a change in reflectance with respect to 
undamaged fruit. Figure 6.21 illustrates how NIR reflection spectra in pears can 
change. 

Fruit with bruises has lower reflection since damaged cells beneath the skin 
become filled with water. NIR radiation penetrates the skin and reaches this wa- 
ter accumulation where it will be more strongly absorbed compared to undam- 
aged fruit flesh. This leads to a contrast in SW images where (if the false color or 
grayscale is not inverted) the bruises appear darker than undamaged parts from 
the same fruit. Since this technique is very sensitive, it is possible to detect bruises 
before they become visible to the naked eye. The sensitivity can be enhanced by 
comparing two images, one recorded using a filter within an absorption band, 
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Figure 6.21 Normalized SW IR reflectance spectra in pears with and without bruises (af- 
ter [32]). 


(a) (b) 


Figure 6.22 An apple with a bruise that is not evident to the naked eye (a) but is detected by 
SW IR (b). 


the other one outside. Overall this technique may be described as detecting the 
moisture uniformity and density ofa product compared to a reference image taken 
from a similar object with known moisture content (see also [30—32]). 

Figure 6.22 shows a VIS and a SW IR image of an apple with a bruise. It was not 
yet visible to the naked eye, but it was detectable to the SW camera. 


6.3.3.7 Material Properties of Liquids 

Some liquids that have very intense colors in the visible spectral range can ap- 
pear colorless and highly transparent in the NIR. Figure 6.23 shows examples — 
recorded with a DSLR camera — ofa red wine bottle made of green glass and a col- 
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(a) 


Figure 6.23 Images of a green wine bottle and a clear glass filled with red wine recorded with 
a modified DSLR camera. (a) For VIS light only, (b) for the whole range of VIS and NIR, and (c) for 
NIR only. Photos courtesy K. Mangold (after [1]). 


orless wine glass filled with red wine. The first image (Figure 6.23a) was recorded 
with a normal IR cutoff filter (A = 400—700 nm), the last (Figure 6.23c) with an IR- 
transmitting filter (A = 830—1100 nm), and the middle one (Figure 6.23b) without 
any filter (A = 400—1100 nm). The familiar looking VIS image (Figure 6.23a) shows 
a deep red color for the wine. In contrast, the NIR image (Figure 6.23c), recorded 
in grayscale mode, gives the impression that there is water in the glass and that the 
bottle is clear. This means that both the red wine and the green glass have turned 
transparent in the NIR range. When detecting VIS plus NIR radiation simultane- 
ously (Figure 6.23b), the green bottle still looks greenish and the wine in the glass 
still has a red tint. 

Figure 6.23b also explains why IR cutoff filters are used in digital photography: 
any photographer would be extremely puzzled since the photo shows some liquid 
that resembles a wine mixed with water more than pure red wine, that is, colors 
perceived by such a camera would not be the same as those observed with the 
naked eye. Similar images could also be recorded for other liquids, for example, 
Coke or coffee. 

The explanation of the apparent liquid change from nearly opaque in the VIS 
(Figure 6.23a) to transparent in the NIR (Figure 6.23c) is simple when studying 
the corresponding transmission spectra. Figure 6.24 depicts the spectra of water 
compared to red wine. They were recorded for a 1cm path length in glass cuvettes, 
so reflection losses from the glass interfaces with air and water account for the de- 
crease in maximum transmission from 100% to about 91%. The red wine shows 
several absorption features in the VIS range with a steep increase in transmission 
for longer wavelengths. This explains the red color. However, compared to wa- 
ter, red wine is similarly transparent in the NIR up to about 1400 nm. However, 
thicker liquid samples, such as 5 cm for a glass or bottle, can exhibit a lower level 
of transmission than water owing to the residual differences in the 800—900 nm 
range. 
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Figure 6.24 Transmission spectra of red wine and water for a liquid path length of 1 cm (see 
text for details) (after [28]). 


Figure 6.25 shows a scene similar to that in Figure 6.23 but resembling a kind 
of puzzle. Now, besides a green wine bottle and two transparent glasses, there 
is also a transparent plastic bottle filled with water. The glass on the left is filled 
with red wine, that on the right with water. The first two images were recorded 
(Figure 6.25a) in the VIS spectral range, 1 = 400—700 nm, and (Figure 6.25b) in 
the NIR (A = 830—1100 nm) with the DSLR camera Canon EOS 1000D. The third 
image (Figure 6.25c) was recorded with an InGaAs camera (A = 900—1700 nm). 

The appearance of the water versus the wine differs considerably from one 
photo to the next. In the VIS, we have the expected behavior of transparent water 
but nearly opaque (i.e., very dark and red) wine. In the NIR, similar to Figure 6.23 
and explained by the spectra of Figure 6.24, both the water and the wine look 
similar and are transparent. 

However, probably unexpectedly, the InGaAs image (Figure 6.25c), compared 
to the NIR image of Figure 6.25b, shows both liquids as being nearly opaque. Ac- 
cording to the spectra of Figure 6.24 and the detector sensitivities (Figure 6.3), 
one might have expected a transmission similar to that of the NIR camera, that is, 
at least partially transparent water and wine. 

The explanation is simple but is based on a quantitative analysis. The observed 
signal is due to the wavelength dependence of detector sensitivity. For InGaAs it 
is quite small for the short wavelengths where the water and wine samples still 
have some transmission. For longer wavelengths, where sensitivity is high, the 
transmission is very small. As a consequence, the detector-waveband-integrated 
transmission signal of wine and water (now about 5cm thick) only amounts to a 
small percentage of the transmission of a nonabsorbing specimen, that is, it must 
appear very dark. 
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E] 


(c) 


Figure 6.25 Scene with wine and water bottles and two glasses filled with red wine (left) and 
water (right). (a) VIS photo, (b) NIR photo recorded with Canon EOS1000 D, and (c) SW IR photo 
recorded with FLIR SC2600 InGaAs camera (after [28]). 


6.3.3.8 Moisture on Walls 
As mentioned earlier, satellite remote sensing techniques have been used exten- 
sively in recent decades to study, for example, the composition of soils and min- 
erals and changes in vegetation. Owing to the strong water absorption bands in 
the SW IR, airborne and satellite imaging has also been used to study explicitly 
the water content in soils [33-35]. Of course, SW IR imaging does not require 
long distances and need not be done remotely. Rather, NIR cameras may be used 
to visualize hidden moisture in nearby objects, for example, wood [26]. Similarly, 
SW cameras are also useful for detecting moisture within walls of buildings, so 
they nicely complement information from LW building thermography cameras. 
Figure 6.26 shows an example of a plain concrete wall with some light and elec- 
trical protection switches. The wall is covered with white paint. Using a thin wet 
paper towel rolled around a pen, some words were written as a very thin water 
film on the wall. They are, of course, not visible to either the naked eye or a VIS 
camera (Figure 6.26a) but are easily recognized in the NIR range (Figure 6.26b,c). 


6.3.3.9 Other Applications of SW Imaging 
As summarized in Table 6.1, there are many more uses of SW imaging. Here just 
another few shall be briefly mentioned. SW imaging has been used for wafer and 
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FJ 


Figure 6.26 Writing with a wet paper towel information, here the moist wall from the dry 
on a wall produces a thin water film that is not wall. The scene was about 1 m wide. The text 
visible in regular VIS images (a) but easily read could be read for several minutes until the 
by a NIR camera (b). Further contrast and im- water had completely evaporated. 

age enhancement (c) help to filter the relevant 


solar cell wafer inspections, using mostly photoluminescence at À = 1150 nm [42- 
44]. It is also a standard technique for telecommunication equipment testing [45, 
46]. For InGaAs cameras some typical applications include beam profiling, loca- 
tion of free space communications laser beams at 1.55 um, dynamic imaging of 
routers and switches, and detection of laser operation. 

From the multitude of medical applications [1, 26, 47-51], we may first mention 
that NIR images of humans look strange. The appearance of skin in NIR images 
is strongly influenced by its moisture content, which is much higher than that of 
hair. Moisture absorbs a lot of NIR radiation and thus reduces the signal from 
moisture-containing object parts. In contrast, hair is usually dry and shows up 
with larger radiation scattering signals, which becomes white in a grayscale image 
compared to the darker skin (Figure 6.27). The liquid in the surface layer of the 
eyes absorbs, which also makes the eyes look very dark. Note again that the dry 
eyebrows look white. As a consequence, people look much older since they appear 
to have white hair and strangely looking deep eyes. It may well be that such images 
have been used or will be used in horror movies (incidentally, the number below 
the image is not a prisoner identification number but details of the recording). 
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Figure 6.27 Strange looking human face in SW IR (recorded with InGaAs camera). 


A very important practical medical application is the detection of blood ves- 
sels below the skin surface which may help to reduce pain in treating very small 
children. Astronomy has numerous applications in the SW IR spectral range, as 
discussed in Section 1.7.2.3 [40, 41]. Major results were collected by the Hub- 
ble Space telescope and many more are expected from follow missions of NASA 
and ESA concerning modern astronomical instruments. Finally, SW cameras have 
many applications in the field of surveillance, security, and crime scene analysis 
(see, for example, the advertisements of all the main manufacturers or [38, 39]). 
The high sensitivity of modern cameras even allows for vision enhancement in 
natural low light conditions using just the residual light from the so-called atmo- 
spheric nightglow [36, 37]. This natural light source is due to sunlight-induced 
photochemical dissociation processes of air molecules (e.g., O3, H2O, O3, CH4) 
during daytime. At night, molecular radicals may recombine. Many of the in- 
volved processes leading to molecules or atoms in excited vibrational or electronic 
states have characteristic times on the order of hours or days. In the NIR, mostly 
recombination radiation from OH hydroxyls in the upper atmosphere (heights of 
70-300 km) contributes. The brightness of this atmospheric residual light is typ- 
ically more than five times greater than that of starlight, spanning virtually the 
entire SW IR range from 1.0 to 1.7 um. 


6.4 
Survey of Commercial Systems 


Table 6.2 gives an overview of commercially available nonmilitary SW IR cameras. 
This selection may not be exhaustive and should be considered a snapshot of what 
is possible and available. Details on the camera systems, such as frame rates or 
integration times, can be obtained directly from the manufacturers. 
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Table 6.2 Commercial manufacturers/suppliers of SW cameras (alphabetical order, no claim of 
completeness, accessed May 2017); a no for T calibration means that it may be possible but is 
not offered. opt. means optional. 


Name 


Allied 
Vision 


DIAS 
Infrared 


Edmund 
Scientific 


FLIR 


IMS Chips 


IR Cameras 


Lumasense 


Optris 


Photonic 
Science 


Princeton 


Sensors 
Unlimited 


Xenics 


Detector 
max. array size 
T calibration 


InGaAs 0.9-1.7 um 
640 x 512 

no T cal. 

Si 0.8-1.1 um 

768 x 576 

up to 3000°C 
InGaAs 1.4-1.6 um 
320 x 256 
300-1200 °C 
InGaAs 1.46-1.6 um 
752 x 582 

no T cal. 

InGaAs 0.9-1.7 um, 
opt. 0.4 — 1.7 um 
640 x 512 

Tcal. opt. < 3000 °C 
Si 640 x 480 
600-3000 °C 

InSb opt. 0.4-5 um, 
SW: 0.9-2.5 um, 
1280 x 1024 

no T cal. 

Si: 0.78-1.08 um 
640 x 480 
600-3000 °C 

Si: 0.92-1.1 um 
764 x 480 

T cal. Yes 


InGaAs 0.9-1.7 um 
opt. 0.4—1.7 um 
640 x 512 

no T cal. 


InGaAs 0.9-1.7 um 
640 x 512 
no T cal. 


InGaAs 0.9-1.7 um 
opt. 0.4(0.7)-1.7 um 
up to 1280 x 1024 
no T cal. 


InGaAs 0.9-1.7 um 
opt. 0.4—1.7 um 
640 x 512 

no T cal. 


Camera series or names/web site (all accessed 
May 2017) 


Goldeye 
https://www.alliedvision.com/en/products/cameras. 
html 


Pyroview 
www.dias-infrared.com 


1460-1600 nm NIR Camera 
http://www.edmundoptics.de 


Examples: 
Tau SWIR, SC2600, A 6250sc SWIR 
www flir.com 


HDRC-Q-PyroCam Ratio thermography 
http://www.ims-chips.de 


IRC912-SWIR 
http://www.ircameras.com 


MCS640 
http://www.lumasenseinc.com 


PI1M 
http://www.optris.com 


PSL SWIR cameras 


http://www.photonic-science.co.uk 


NIRvana 
http://www.princetoninstruments.com 


640HS SWIR 
www.sensorsinc.com 


Bobcat 
http://www.xenics.com/en/ 
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Chapter 7 
IR Imaging of Buildings and Infrastructure 


7.1 
Introduction 


Infrared (IR) thermal imaging is considered to be an excellent noninvasive in- 
spection tool for monitoring and diagnosing the condition of buildings [1-10] by 
measuring the surface temperatures of the building envelope from either inside or 
outside (or both). The surface temperatures of buildings result from three basic 
mechanisms: the flow of heat, air, and moisture through the building envelope. 
These three factors not only determine a building’s durability and its energy effi- 
ciency but also, most importantly, the feeling of comfort, health, and safety for its 
inhabitants. 

Heat flow is the primary mechanism for heating up the surfaces of a building. 
Heat flows from the warm interior to the cold exterior, giving rise to an increase 
in outer wall surface temperatures. The corresponding physical quantities, like 
U-value, were discussed earlier in Section 4.3.3. In general, heat flow can lead 
to either warming up or cooling of building parts due to conductive differences, 
thermal bridges, or air infiltration or exfiltration. 

Water intrusion into walls/insulation and surface moisture often reduce the 
measured surface temperatures due to evaporative cooling (Section 5.3.6). How- 
ever, the huge heat capacity of water, that is, the capacity to store thermal energy, 
may (besides cooling) also lead to the warming of building parts, depending on 
conditions. Also, water intrusions into thermal insulation material may lead to an 
increased thermal conductivity from the inside to the outside with characteristic 
thermal signatures. Moisture is often present on flat roofs and may penetrate into 
buildings if the moisture barrier is not correctly installed. 

Finally, uncontrolled airflows through air leaks may transport heat via addi- 
tional convection losses. In addition, airflows affect temperatures in the vicinity 
of air leaks, for example, in window frames. The reduction of frame tempera- 
tures (mostly in corners) in wintertime to below the dew point can give rise to 
mold problems. Air leaks may also often occur close to wall openings for electri- 
cal wiring or plumbing and ducts. 

Thermography can be used to identify problems associated with heat, water, 
and air flows through a building envelope. In this manner, it may be used to auto- 
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matically test, for example, the energy efficiency of new homes or plan the restora- 
tion of old ones. In particular, it may help to 


e locate heating and cooling losses; 

e locate building envelope water leakages, that is, moisture sources; 

e locate structural problems (e.g., missing insulation, degradation of old insula- 
tion); 

e locate problems in floor heating systems; 

e compare pre- and postrestoration conditions. 


Since — besides irradiation with ultraviolet (UV) light — the flows of heat and 
water are also the most important damage functions for buildings, IR inspections 
may help to save a lot of money for restoration. With regard to energy efficiency, 
it can help in saving energy needed for the heating of a building and thus reduce 
the emission of greenhouse gases. In some countries like the United States or Aus- 
tralia, thermography is also a useful tool in pest control, for example, by localizing 
termites (see Section 11.2.4 for references). 


7.1.1 
Publicity of IR Images of Buildings 


Among the public, IR imaging of buildings is probably the best known application 
of thermography. This is due to several reasons. First, buildings offer a standard 
textbook example of thermography. In particular in wintertime, there is usually 
a large temperature difference between the inside and outside of a house such 
that defects in the thermal insulation can be easily detected as thermal losses 
from the building envelope. Hence, thermography is a valuable tool in diagnosing 
thermal insulation problems of buildings. Second, thermography usually provides 
false color images of objects. In the modern communication age, false color rep- 
resentations of nearly anything are often welcomed by journalists as eye catchers. 
In particular, thermographic false color images are often used in newspapers and 
on many web sites, and IR movie sequences are often shown in TV programs and 
increasingly on YouTube. 

We believe that one reason for this may be that journalists and YouTube video 
producers, as well as those viewing the images, tend to think that they can imme- 
diately grasp the content and draw correct conclusions. And if those conclusions 
identify a problem previously unknown, the story will become widely known or 
the video will be downloaded many times, which is good for the author. As a mat- 
ter of fact, a red color in an IR image is usually considered to be a very bad sign 
(Figure 7.1). 

Unfortunately, it is very easy to produce false color images with IR cameras, 
and this will become even easier with the new class of low-price thermal imagers 
or those attachable to smartphones. The lower the price of the cameras, the less 
experienced and educated users will be and the less they will think about training 
courses whose cost may be a large part of the price of the camera itself. This will 
lead to problems. 
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Figure 7.1 This IR thermal image ofa house scale, the caption usually mentioning that the 


was published a while ago in a daily news- red color in the figure would indicate where 
paper (23 May 2009 in Berliner Morgenpost, the walls would lose heat. But that statement 
www.morgenpost.de/berlin/article1097945). suggests the whole house needs renovating. 
The image was published in many newspa- Can that really be true? 


pers, sometimes even without a temperature 


In this section, we demonstrate that thermal imaging is indeed a very valuable 
tool in building inspections, and for that reason, it makes sense that buildings are 
the most common objects in thermal images published in newspapers. However, 
a large number of external influences may cause problems in the interpretation of 
thermal images. For this, we return to Figure 7.1 and point out potential problems 
in a much too easy interpretation of this attractively colored IR image. 


7.1.2 
Just Colorful Images? 


In building thermography, the IR radiation signals contain information about 
emissivity and surface temperatures (this is often the very first mistake made by 
amateur thermographers: they interpret any image as showing only temperatures 
and they neglect any emissivity issues). The second problem is that amateurs of- 
ten use a color scale and temperature span that exaggerate any slight differences 
seen. As a matter of fact, the choice of color palette, scale, and span can strongly 
affect the interpretation. 

Therefore, we start by discussing color palettes, level, and span and their role 
in the initial — often intuitive — interpretation of thermal images. Then, assuming 
that camera and material parameters are known, we will focus on external influ- 
ences. We will illustrate some of the major potential interpretation errors in the 
examination of buildings using thermography. It will be shown that a correct, de- 
tailed interpretation of thermal images is a complex problem since many different 
factors can affect the result of the measurement (e.g., [8]). 
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7.1.2.1 Level and Span 

The lower the span, the more dramatic the appearance of the IR images, indicated 
by the images in Figure 7.2a—c for a 6 K temperature span (panel a) compared to a 
10 K (panel b) or 30 K (panel c) span at the same level. By watching only the largest 
span image — image (c) AT = 30 K — one might not think there was a problem at all 
because of the small color variations across the image. Keeping the span constant, 
the change in level (panels d and e) also leads to significant color changes, and 
if the span is used under the simple notion that red or yellow is bad, one may 
interpret the house in panel d as a problem case and the one in panel e as fine. 


7.1.2.2 Choice of Color Palette 

The color palette for the images in Figure 7.2a—e was the same. Very often, color 
scales are used where red and yellow indicate higher temperatures. As a conse- 
quence, most people interpret all IR images accordingly, in particular, if images 
are shown without a side color bar (this may happen quite often, for example, in 
newspapers). Figure 7.2g shows the same image for a different color palette. In Fig- 
ure 7.2h, the sequence of colors is inverted. Obviously these two images (with the 
same level and span as Figure 7.2b) look very different. For example, Figure 7.2g 
might suggest that the two skylights and the rectangular area close to the rooftop 
(a solar thermal power heating system) may present problems, although they are 
cold. Comparing the colored images of Figure 7.2 with an inverted grayscale im- 
age (Figure 7.2f) explains why color palettes are usually preferred. There are many 
more possibilities in the amplification of small signal differences. 


7.1.2.3 More on Palette, Level, and Span 

Owing to the variety of manufacturers and the different software packages for 
a single camera type, there is usually a large number of possible color palettes 
to select from. The palettes from Figures 7.1 and 7.2a—e are different — but in 
both cases, red and yellow indicate high temperatures. In contrast, however, the 
yellow areas in Figure 7.1 have lower temperatures than the red ones, whereas in 
Figure 7.2a—e, yellow refers to higher temperatures. 

Why do we sometimes relate red and yellow to high temperatures and blue to 
cold? Maybe these colors are sometimes unconsciously associated with known 
objects such as flames or red glowing heating plates on the one hand and water or 
ice on the other. This is what we have learned as children and this is how most of 
us associate colors with temperature, and this may be the first reason for intuitive 
misinterpretations of false color IR images. By the way, this common human asso- 
ciation of color with temperature is in contrast to blackbody radiation in physics, 
where higher temperatures shift spectra toward the blue, so so-called blue stars 
are hotter than red ones! 

In thermography, the use of false color images is based on the principle that 
the color perception of the human eye makes it possible to distinguish about a 
million shades of color, differing in either hue or saturation. However, concerning 
brightness, the eye is limited to a few hundred levels for a given saturation and 
hue. Grayscale images differ only in brightness, whereas color images have the 
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(9) 


Figure 7.2 (a-f) IR thermal images of the same house displayed for a variety of temperature 
spans and color palettes. Emissivity was set at 0.96, distance 10 m, the outdoor ambient air 
temperature was 0°C. The interior of the whole house was heated to about 20°C. 


additional parameters hue and saturation. Therefore, false color representation 
offers the ability to more clearly illustrate details and slight differences compared 
to grayscale image. 
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To our knowledge grayscales are nowadays only used in the life image mode of 
GasFind cameras (Chapter 8) as the standard palette. For their purposes, single 
images alone are not what’s important but rather the change from one image to 
the next in live sequences. Such changes are already seen in grayscale, and con- 
siderably less memory space is needed for saving these files. 

Figure 7.3 gives another example of various palettes used in thermography. The 
grayscale and inverted grayscale images (Figure 7.3a,b) look similar to black-and- 
white photos or the corresponding developed films. Obviously, fine details can be 
better detected in false color representations. 

The use of the iron color palette (Figure 7.3c,d) in building thermography often 
leads to very low-contrast representations of the temperature distribution since 
only half of the possible color hues are used: green and blue are missing. There- 
fore, it is often difficult to recognize details in the temperature distribution, for 
example, on the roof of a building. 

The use of structured palettes as the rainbow 1 (also called rain in Researcher 
Software) palette (Figure 7.3e,f) with more and stronger colors as the iron palette 
leads to higher contrast images with more details. But this palette can also be 
confusing sometimes. 

For example, it is not intuitively obvious that bright purple is colder than dark 
blue. Color palettes with ambiguities are often not helpful for image viewing. 
In particular, the nonlinear color transitions in rainbow palette 1 can lead to an 
overemphasis on temperature differences within predefined temperature ranges. 
Though such representations may be useful for experts, for the majority of users 
the use of this rainbow palette may lead to misinterpretations. 

For many users, palette rainbow 2 (also called rain900 in Researcher software) 
(Figure 7.3g,h) with its neglect of pink and suppression of cyan meets the demand 
for a more harmonic ordering of neighboring colors in an IR thermal image and 
a good color representation of temperature differences in a predefined temper- 
ature range much better. The rainbow 2 color palette solves temperature differ- 
ences well and comes closest to the intuitive connection of color with temperature 
(see preceding discussion). Therefore, the inverted color scheme in this rainbow 
representation is particularly irritating: the roof seems to be much colder than 
the grass in front of the building. For any official report to nonexperts, the use of 
inverted or other irritating color scales should be avoided. The variation of level 
and span can strongly change the perception of the temperature distribution, as 
shown in Figure 7.4. 

The choice of span determines the contrast of a thermal image. Both too high 
and too low a contrast should be avoided in thermal images. Figure 7.1 was an 
example of an extremely wide span that is totally unsuitable for detecting fine 
structures. If an unsuitably large span is chosen, then the visual impression of the 
temperature distribution within the image may not be very sensitive to tempera- 
ture changes; cf. Figure 7.4c (16 °C span) and Figure 7.4a (4°C span). 

Figure 7.5 depicts a thermal image with an automatic setting of level and span, 
as is usually done within modern IR cameras. Both parameters, level = 9.0°C and 
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Figure 7.3 Representations of the same IR image of a building using different color palettes 
but the same level (11 °C) and span (6 °C) of linear scales. (a) grayscale; (b) grayscale inverted: 


(c) iron; (d) iron inverted; (e,g) two rainbow scales 1; (f,h) inverted rainbow scales. 
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Figure 7.4 Comparison of image with a linear rainbow color palette for the same level (12 °C) 
but a variation of span: (a) 4°C; (b) 8 °C; (c) 16°C. 


Figure 7.5 Thermal image with automatic 
level and span, and temperature range of 
3.7-14.4°C. 
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span = 10.7°C, are calculated from the maximum/minimum temperature within 
the image. 

This representation is unfavorable since the temperature range, which is of in- 
terest for the analysis of the temperature distribution of the building, is signif- 
icantly smaller. The cold sky increases the span in this picture. This is clearly 
seen in the temperature histogram of the image (Figure 7.6). The histogram shows 
two accumulation regions on the temperature scale. The first region, 3-5 °C, re- 
sults from the cold sky temperatures and only the second region, 7.5—13.5 °C, in- 
cludes the relevant building temperatures. Therefore, the parameters’ level and 
span should always be adapted to the temperature range under study. Figure 7.3e 
showed the corresponding level- and span-optimized thermal image of the build- 
ing. 
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Figure 7.6 Temperature histogram of image in Figure 7.5. 


These examples show how sensitively visual impressions depend on the selec- 
tion of the correct color palette as well as the values of level and span when viewing 
a thermal image. A suitable representation is usually the first step after IR images 
are recorded; the more important second step is correctly interpreting the obser- 
vations. 


7.1.3 
General Problems Associated with Interpretation of IR Images 


Using the preceding discussion of color representation of data in IR images, we 
can take another first look at the bad (but published) example of Figure 7.1. The 
temperature span is unusually large — more than 47 °C — which means that any fine 
structure of the wall is completely lost. For a careful analysis, such a large color 
span is simply impractical. As can be seen from the image, all relevant parts of 
the house have temperatures in a range above —5 °C; therefore, the level and span 
should have been changed accordingly. In addition, heat transfer through win- 
dows is usually much greater than through walls (Table 4.6), so one would expect 
higher window temperatures compared to those of walls. In Figure 7.2, this is in- 
deed observed, whereas, surprisingly, the windows in Figure 7.1 (and Figures 7.3— 
7.6) seem to have lower temperatures than the walls. Since it is very unlikely that 
the walls would have very bad thermal insulation (high U-value) while at the same 
time the windows in this house would have been top of the line (low U-value), we 
must think of another reason for this observed anomaly (see end of Chapter 7). 

Concerning the interpretation of Figure 7.2, note all of the Figure 7.2 images 
show the area on the right-hand side of the dormer window and the spot in the 
lower left corner. A thorough investigation is needed to determine whether these 
indicate a real problem or whether they are due to structural or geometrical effects 
and, hence, expected (see discussion of Figure 7.26). 
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Table 7.1 External influences on outdoor thermography. 


Influence Problem caused 

Wind Goutside = Voutside(Vwind) => transient wall temperatures (see also Sec- 
tion 4.3.3) 

Solar radiation Transient effects of wall heating, reflections of IR radiation (MW cam- 
eras) 

Shadows Transient effects of wall heating and cooling 

Cloudy versus Transient effects of radiant cooling of walls 

clear sky 

View factor Orientation-dependent radiative contributions from surroundings 

Rain/moisture Evaporation cooling, change of thermal time constant, usually reducing 


thermal contrast 


As amatter of fact, surface temperatures of objects may be deduced from a ther- 
mal analysis, provided the corresponding surfaces, walls, windows, roofs, and so 
on are gray emitters and the emissivities are known. However, even measured sur- 
face temperatures alone mean nothing. Too many environmental factors can have 
an additional influence. The most crucial question is whether measurements are 
made from inside or outside a building. Outdoor thermography may provide an 
overview of a building envelope, giving an indication or orientation about where 
to look for more details. For home inspections, this can always be the first step 
toward a thorough investigation. Indoor thermography is much less affected by 
external factors and should be performed whenever possible. Sometimes, outdoor 
thermography is even useless, for example, for rear ventilated wall constructions. 

The complications associated with outdoor thermography are manifold be- 
cause a large number of external factors greatly complicate any analysis (Fig- 
ure 7.7, Table 7.1) and often lead to wrong conclusions. The most important 
environmental factors are direct or indirect radiation from the sun, wind of vary- 
ing speed, and moisture, for example, rain. In addition, sky conditions (cloudy 
or clear skies) and the view factor are particularly important when considering 
radiant cooling. Night sky radiant cooling and daytime exposure to solar radia- 
tion can cause strong variations of building envelope temperatures with long time 
constants. Therefore, absolute temperatures as measured in outdoor thermog- 
raphy are often unimportant since a detailed quantitative analysis would be too 
difficult. 

In the following sections, the problems introduced by these external factors 
are illustrated by thermal images. In contrast, indoor thermography has the ad- 
vantage of nearly quasi-stationary conditions (Figure 7.7), provided a few general 
rules are followed while preparing an IR thermal imaging study of a building: 


e Required: AT = Tinside — Toutside > 15 K for more than a few days (this implies 
that most investigations take place in wintertime); 

e Try to enable quasi-stationary conditions inside by opening all doors and clos- 
ing all windows; 
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Figure 7.7 The inside building envelope can often be considered to be in a quasi-stationary 
state. In contrast, the outside walls of the building are subject to solar radiation (and shadows), 
wind of varying speed, and moisture due to rain. 


e Move furniture away from walls; 
e Let camera housing establish thermal equilibrium (at least 30 min). 


In addition, the following conditions should be met when recording outdoor 
thermography images: 


e Record before sunrise after a cloudy night (small night-to-day temperature 
changes); 

Avoid fog, rain, or snow; 

Avoid strong winds (ving < 1 m/s); 

e Let camera housing establish thermal equilibrium (at least 30 min). 


The following conditions should definitely be recorded: 


e Indoor and outdoor air temperatures; 

e Indoor and outdoor reflected temperatures; 

e Indoor and outdoor humidity; 

e Outdoor wind speed; 

e Distances from camera to walls: check geometrical resolution, perhaps change 
lenses; 

e Emissivities of wall materials (e.g., tape); 

e Orientation of surroundings with corresponding temperatures (view factor 

contributions); 

Visible photos of areas being investigated by IR imaging. 


Despite its problems, outdoor thermography may sometimes be the only useful 
method of investigating a building, for example, when studying half-timbered 
structures behind plaster, when trying to locate water intrusions in building 
fronts, or when it is not possible, for various reasons, to get inside a building. 
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In interpreting indoor and outdoor IR images, one first tries to exclude all pos- 
sible error sources as mentioned earlier (e.g., sun, shadows, thermal reflections). 
The resulting temperature profiles may then point to problems. Sometimes, how- 
ever, there are no problems, but observed fluctuations are simply due to struc- 
turally expected thermal bridges or other factors, and within allowed limits. 

To summarize, IR thermal images from buildings may yield apparently signifi- 
cant signal differences between various locations. After corrections for emissiv- 
ity, some temperature differences might still remain. Even if all other disturbing 
effects are eliminated, they may still be within the expected range, for example, 
owing to geometrical details. As a consequence, not all differences in thermal im- 
ages of buildings imply structural problems or leaks in thermal insulation; rather 
a very careful analysis is needed. 


7.1.4 
Energy Standard Regulations for Buildings 


In times of environmental awareness and sustainable development, the need for 
a reduction of greenhouse gases by a reduction in the consumption of fossil fu- 
els and the introduction of new renewable energies and technologies is obvious. 
In addition, over the years, the energy savings requirements for new homes re- 
garding thermal insulation and heat losses through the building envelope have 
changed, and the specific heating power per area of a home has been continu- 
ally decreasing (Figure 7.8). Starting after the first severe oil crisis, regulations 
were imposed restricting the allowed annual energy consumption for the heat- 
ing of new buildings (the example here is for Germany) from around 200 to 
300 kW h (m? a)™! in the 1960s and 1970s to less than 70 kW h (m? a)™t according 
to the 2002 regulation. The new regulations, starting in 2016, further reduce these 
numbers by around 30%, and there is no end in sight to this trend. 

Already in 1995, new standards for special buildings were defined, the so-called 
low-energy or passive houses (e.g., [12]). The former range between ~ 70 and 
25 KW h (m? a)™!. The latter were only allowed to consume 15 kW h (m? a)", cor- 
responding to a minimum of about 1.5 L oil/m? annually. Currently, even zero- 
energy houses or energy-producing houses are available. 

Such laws, if enforced, can lead to a drastic reduction in primary energy con- 
sumption and of greenhouse gas emissions. However, since the lifetime of old 
buildings is in the range of many decades and since less strict regulations apply 
to the renovation of old buildings, the average value of energy needed for heat- 
ing all buildings in a country will decrease slowly. Right now, in Germany this 
amounts to about 160 KWh/(m? a). To accelerate the decrease, new energy stan- 
dards for buildings have been defined in many countries; in addition, so-called 
energy passports (Figure 7.9) for buildings have been introduced and certificates 
issued for buildings (e.g., in Germany). New houses need such passports, which 
must include numbers for annual end energy and primary energy consumption 
as well as CO, emissions. The graphs usually also contain comparisons to various 
buildings such as single-family homes, larger apartment complexes, modernized 
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Figure 7.8 In many countries, the energy needed for the heating of a building per year is 
restricted by law. In the given example of Germany, regulations were imposed after the first oil 
crisis. They apply to new buildings. On the latest regulations, see [11]. 
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Figure 7.9 Possible energy performance certificates for buildings. They may be qualitative 
only (a) with a highlighted symbol of the present home or include a quantitative scale, for 
example, for energy consumption per area and year (b). 


old buildings, nonmodernized old buildings, and the nationwide average of all 
buildings. A distinction is made between buildings for residence and others. 

In the United States, the concept of energy ratings is different insofar as usu- 
ally only a relative scale is used. For example, in the home energy rating system 
(HERS), a rating of 100 corresponds to a typical home built in 2006 [13]. Build- 
ings requiring less energy have a lower index. A number of other indices exist, and 
reference [14] offers one example of a comparative discussion. Things change fast 
in this field, and many new developments may happen within the next few years 
around the world. 

Thermal imaging can play a major role in this field of energy savings, leading 
to energy cost savings for private homes. In particular, thermography can test 
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whether actions to save energy via better thermal insulation really work. The 
motivation of homeowners is mostly of a financial nature: very often the cost 
of installing improved thermal insulation is much less than what can be saved 
on energy costs within a few years, in particular if the costs of fossil-based en- 
ergy sources are rising. Let us do a very naive order-of-magnitude estimate of 
the energy cost savings from restoring an old house. Before restoration, the an- 
nual energy consumption in a 100 m? house should be 270 kWh (m? a)™}, and after 
restoration this figure should be reduced to only 70 kWh (m? a)~1. Obviously, this 
leads to energy savings of 100 m? - 200 kWh (m? a)! = 20000 kWh a™!. If gas heat- 
ing is used at a cost of 0.06 €/kWh, then the annual cost savings after restoration 
would amount to €1200. 


7.2 
Some Standard Examples for Building Thermography 


In general, building thermography is a tool to locate hidden structures as a result 
of thermal anomalies, which may be due to a variety of causes. In any case, the heat 
transfer through a wall or part of a building causes differences in measured sur- 
face temperatures due to differences in heat conductivity or heat capacity of the 
building materials. Each thermal anomaly found via thermography must be dis- 
cussed in detail considering the background knowledge of the construction, the 
materials used, and so on to determine whether the temperature anomaly would 
be expected and within so-called normal limits or whether it represents an actual 
insulation problem involving energy losses, structural damage, or both. We start 
this subsection by presenting a few qualitative examples of building thermogra- 
phy where the structures that give rise to specific thermal signatures are hidden 
beneath the surface but are well known from the construction of the building. 


7.2.1 
Half-Timbered Houses behind Plaster 


In Europe, there are still many old houses that were built as half-timbered struc- 
tures. In Germany, timber framing was the most popular building technique from 
the twelfth to the nineteenth centuries. The idea is to create framed structures of 
heavy timber held together by special joints. Some diagonal frames are used to 
stabilize the structure. The spaces between the timbers are filled with brick or, 
more often, with a woven lattice of wooden strips daubed with a sticky material 
usually made of some combination of wet soil, clay, sand, animal dung, and straw. 
In the twentieth century many of these old half-timbered structures were cov- 
ered with an additional layer of plaster, and sometimes with thermal insulation, 
often because the restoration of the original structure would have been too ex- 
pensive. Nowadays, houses with half-timbered structures are often considered to 
represent valuable old monuments that need to be preserved. In this context, IR 
thermal imaging can be a valuable tool to identify such houses, even if they are 
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covered with a layer of plaster. Figure 7.10 shows an example of a house in Bran- 
denburg/Havel in Germany, recorded in wintertime with temperature differences 
from inside to outside of about 15 K. The visible image (Figure 7.10b) gives no in- 
dication of what is beneath the outer layer of plaster. The IR image (Figure 7.10a), 
however, clearly shows the structure of the wooden frames. Several features need 
to be discussed. 


1. The clear view of the half-timbered structure in the thermal image results 
from the differing thermal conductivity of the wood and the filled compart- 
ments of the rest of the wall (Table 7.2). As shown in the scheme of the heat 
flow (Figure 7.10c), the wood (brighter shaded areas) has lower thermal con- 
ductivity, resulting in less heat flow through the frames compared to the planar 
section of the filled compartments. The lateral heat flow is not large enough to 
establish thermal equilibrium at the outer surface, as the temperature plot and 
the corresponding color scale (arbitrarily chosen to resemble the color scale 
of the IR image) indicate. The most prominent feature in the thermal image 
is due to the open window in the center. The warm air from the inside heated 
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Figure 7.10 (a,b) Half-timbered structures ofa ter recording the visible image. (c) Scheme of 
house, hidden behind plaster, recorded during heat flow through a structured wall. Shaded 
wintertime (no sunshine). The visible image areas (with red arrows) resemble wood, gray 
(b) shows no structures at all. The white spot areas (with yellow arrows) the filled compart- 
in the center of the IR image (a) corresponds ments. 

to a small top window, which was opened af- 
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Table 7.2 Material properties of wood and typical sandstone relevant for interpreting IR im- 
ages. 


Thermal conductivity Specific heat capacity Density 


(W(m K)~') (kJ (kg K)~") (-103 kg/m?) 
Dry wood = 0.15 21.5 = 0.6 
Typical sandstones ~% 1.8 x 0.7 x2 


up the parts adjacent to the window. Overall, the image shows the structures 
of the frames; however, the observed temperature differences across the wall 
surface do not indicate any energetic or thermal insulation problems. 

2. The right-hand edge of the building seems to be colder than the plane wall. 
This is expected because of the geometrical thermal bridge (see Section 7.3) 
and does not pose a problem. 

3. Only the middle section of the upper floor below the roof is heated, and the 
thermal insulation of the wall section is tolerable. However, the rooftop suf- 
fers from missing insulation. This needs more attention. We also note that 
the frame of the right-hand-side window is made of corroded metal with un- 
known emissivity; however, it is probably still slightly lower than that of the 
wall. 

4. Furthermore, one can clearly observe a warmer wall section below the open 
window in the center due either to a heater or missing insulation. To a lesser 
extent, this can also be observed for the right window and the top floor win- 
dows. To determine whether this is energetically critical, more studies would 
be desirable. The present study focused only on detecting the half-timbered 
structures themselves. 


To simulate half-timbered structures or, more generally, building structures 
with differing thermal conductivities and heat capacities, students were given 
the task of building a model of such a hidden structure. The differing thermal 
properties were established using Styrofoam, air, metal, and wood. Figure 7.11a 
shows the front and Figure 7.11b the back of the final model with dimensions of 
62 - 42 cm? and a thickness of 2 cm. The IR imaging test was done by placing it 
in front of a planar, electrically heated 0.6 - 0.9 m? plate (which, within minutes, 
reached more or less homogeneous surface temperatures of about 130°C). Fig- 
ure 7.11c shows the result. The hidden structures became visible within a minute 
after starting to heat the plate. Other experiments with this model are discussed 
subsequently in the context of wind and moisture effects. 

Half-timbered houses are examples of buildings that may not be investigated 
in wintertime alone (as shown in Figure 7.10). Since the heat capacity c and the 
density p of the used wall materials are quite different, thermal contrast can also 
be obtained after the wall is exposed to intense solar radiation even if indoor 
and outdoor air temperatures do not differ (appreciably). Dry wood has a larger 
specific heat capacity but much smaller density than stones or filling material. 
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(c) 


Figure 7.11 Model for hidden structure with front and back (a, b) as well as IR image (c) when 
heated from the back. 


A simple analysis relates the temperature rise AT to the incident energy AQ via 
AQ=c-m- AT, where the mass m is given by density times volume. Therefore, 
upon receiving the same amount of incident energy AQ, the temperature rise of a 
material with a given volume depends inversely on the product of its specific heat 
and density. Dry wood has a smaller value of c - p, so it will show up at a higher 
temperature. Of course, the structures are still behind the plaster, but the effect is 
clearly visible. 

Depending on the recording conditions, the location of the wooden frames of 
half-timbered structures may thus show up in IR images either as colder or as 
warmer surface temperatures! 


7.2.2 
Other Examples with Outside Walls 


Sometimes, buildings are modified, for example, building envelope openings like 
windows may be added or removed. Figure 7.12 depicts an example of the wall 
of a hotel building. As can be seen from the IR image, originally, there had been 
another window at the center of the wall, which was subsequently closed with ma- 
sonry, before the wall was covered with plaster. If no more details about the work 
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10.6 °C 
10 
9 
Lg 
7.6 °C 
(a) 


Figure 7.12 Old window covered up with masonry and plastered over. 


(b) 


are available, one can only speculate about the reason. Perhaps the thermal insu- 
lation was forgotten during the process, the thermal conductivity of the chosen 
brick could be different from the original brick used for the rest of the wall, or heat 
was transferred to the wall (e.g., via radiation from the sun) prior to recording the 
image and the value of c - p of the chosen brick is smaller than for the rest of the 
wall, leading to a higher temperature. In this case, the owner immediately realized 
that the window was just filled with brick and covered with plaster without any 
thermal insulation attached. 

Many European houses are equipped with stoves (oil, coal, or wood) and there- 
fore need chimneys. Sometimes, these are at the outside walls of a building. Fig- 
ure 7.13 shows an example of a three-story building with the chimney at the center 
of the wall. Obviously, the thermal insulation of the chimney is very bad or, at least, 
partially missing. 

The observed temperature differences amounts to = 2 K and the defect is en- 
ergetically relevant. In addition, one can see that the connection of the ceiling of 
the second floor was also not properly insulated. 


7.2.3 
Determining whether a Defect Is Energetically Relevant 


Interpreting outdoor IR images qualitatively is relatively easy (if all possible error 
sources are known and eliminated). However, the critical question of any home- 
owner is whether observed defects that do not point to structural damage and 
that need to be dealt with anyway are energetically relevant. Solving this problem 
is not always an easy task. 

First, any thermal bridge that points to increased heat transfer through the 
building envelope means that energy needed for heating is lost to the environ- 
ment. If this energy comes from fossil fuels, any such energy loss automatically 
implies that there is avoidable CO, emission: better thermal insulation means less 
primary energy needed for heating, that is, lower levels of CO, emissions. Hence 
any energy loss is CO, relevant. 
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Figure 7.13 IR (a) and visible (b) image of a house. The location of the chimney can be easily 
seen through the outside wall. Temperature differences along the line in the IR image amount 
to about 2 K (c). 


Second — and usually more important for homeowners — is the question of how 
much money could be saved per year if the observed energy loss were prevented. 
This savings in terms of money is then compared to the cost of restoration, and if 
the amortization time is, say, less than 5 years, the work may be done. 

Restoration costs may depend on workers’ wages, on the costs of materials, on 
the type of house, and so on, which are not discussed here. Rather, a very crude 
estimate is given of how much energy may be lost during a year owing to an ob- 
served defect. Of course, much more sophisticated finite-element models (com- 
putational fluid dynamics) are available [15], but for a first-order estimate, the 
simpler approach is sufficient. 

The idea behind the estimate is the concept of the U-value or R-value intro- 
duced in Section 4.3.3, Eq. (4.10): 


Q=U-A-AT (7.1a) 
where 
1 1 
= Se (7.1b) 
Reotal “A 1/0 conv,ins te x 8;/A; F Vee 
Here @.ony,ins Ad Aeony out represent the inside and outside wall heat transfer 


coefficients for convection, and the sum represents the heat transfer through wall 
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segments of thickness s; having a thermal conductivity 1;. In Chapter 4, model 
calculations are discussed that make it possible to calculate all relevant temper- 
atures, the corresponding U/-values, and the total heat flux through a number of 
different walls. 

If owing to a defect one of these contributions changes, the heat flow through 
the corresponding part of the building envelope changes. Once the relevant areas 
are known, one may estimate the total heat loss and from that calculate the cor- 
responding energy costs. The best way to do this would be to measure L/-values 
directly by thermal imaging. In principle, this is possible (Section 7.7). Alterna- 
tively, one could start with the known insulated wall structure U-value and relate 
it to the corresponding outside wall temperature. Since adjacent thermal bridges 
have a higher wall temperature, one could vary the thermal resistance of the wall 
materials in Eq. (7.1b) such that the observed wall temperature is reproduced. The 
corresponding thermal resistance will lead to a new, now larger, U-value that may 
be used to estimate the heat loss according to Eq. (7.1a). 

Here we would like to give a simpler rough estimate example based on typical 
U-values for walls and windows. From Table 4.6, concrete walls with no thermal 
insulation have U-values of around 3 W (m? K)"!, brick walls of 1.5 W (m? O7}, 
and brick walls with insulation of about 0.5 W (m? K)~1. Let us assume a single- 
family home with about 50 m? of floor space on two floors (i.e., 100 m? of living 
space), and an overall (including roof) envelope area of A = 300 m”. For simplic- 
ity, we assume that all homes (not insulated and insulated) would have similar 
U-values all around the envelope (including windows and roof). Table 7.3 gives 
results for the heat flux Q in W, the total heat transfer Q per year in kWh/a, the 
heat transfer per area and year in KWh /(m°? a), and the corresponding energy costs 
per year in €/a. We assumed t; year = 3.15 - 10’ s, 1kWh = 3.6 - 10°J, and a cost 
of 0.06 €/kWh. Either the value for the temperature difference (inside to outside), 
here AT = 10K, ora time period of one year ti year can be chosen to account for 
the actual duration of the heating period (e.g., at most half a year). The numbers 
in Table 7.3 can be used to estimate the improvement due to insulation, for exam- 
ple, from type 3 to type 2. If defects only occur at smaller areas, the corresponding 
numbers will be accordingly lower. 


Table 7.3 Rough estimates of annual heating energy and corresponding energy costs for 
three different homes assuming A = 300 m?, AT = 10K, and 0.06 €/KWh. 


Type of house U value Q=U-A-AT Q Q/A Cost 

(W (m? K)~") (W) (kWh/a) (kWh (m?a)™') (€/a) 
1. Not insulated concrete 3 9000 7.9-10* 263 4730 
2. Not insulated brick 15 4500 3.9-10* 131 2360 


3. Insulated brick or wood 0.5 1500 1.3 - 104 44 790 
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7.2.4 
The Role of Inside Thermal Insulation 


The importance of thermal insulation of walls was discussed in detail in Sec- 
tion 4.3.3. In short, the thermal conductivities of thermal insulation of composite 
walls determine the temperature distribution within the wall (Figure 4.10). The 
largest temperature drop occurs in the thermal insulation layer made of Styro- 
foam. It is desirable that the freezing point should lie within this layer; therefore, 
thermal insulation should be attached to the outside of a building. However, one 
needs to consider what happens if additional thermal insulation is attached to an 
inside wall. Figure 7.14 shows an exterior wall of a classroom in a public school. 
The inner wall consists of studwork plates attached to metal poles. Just before 
recording the thermal image, a heavy and large whiteboard (dimensions about 
1.6 x 0.8 m?) was removed from the wall. The vertical line structures are due 
to the thermal conductance of the metal poles to which the plates are attached. 
On both sides of the poles, air serves as thermally insulating material. The most 
prominent feature is that the whole wall area, which was covered by the white- 
board, has reduced surface temperatures by 2-2.5 K. 

The explanation for this — at first glance — unusual behavior is simple. Fig- 
ure 7.15 shows a schematic representation of a typical stone wall with inside plas- 
ter, masonry, and outside thermal insulation, together with the corresponding 
temperature along a perpendicular line through the wall (for details of the cal- 
culations, see Chapter 4). The inside and outside air temperatures are fixed. As 
expected, the outside thermal insulation gives rise to the most dramatic temper- 
ature drop. The black solid line shows the situation for the uncovered wall in sta- 
tionary equilibrium, and the blue dotted line shows the same for an additional 
inside thermal insulation abbreviated as whiteboard in what follows. 

In both cases, the inner surface temperature, that is, the plaster surface or the 
whiteboard surface (pink horizontal line), is the same. However, owing to the 
thermal insulation properties of the whiteboard, the temperature drops by sev- 
eral Kelvin at the interface of whiteboard and plaster. When removing the white- 
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Figure 7.14 VIS (a) and IR image (b) of an exterior wall segment in a classroom. Prior to record- 
ing the IR image, a large whiteboard, which was attached to the wall (position indicated in VIS 
image), was removed. 
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Figure 7.15 Scheme for a wall with additional thermal insulation (blue area) from the inside. 
The inner temperatures of the insulation surface and the neighboring wall without insulation 
are the same; however, the wall temperature below the insulation is reduced. 


board, this interface becomes the new wall surface showing lower temperatures. 
In conclusion, one should try to avoid covering the inside of exterior walls with 
thermally insulating objects; the better the insulation, the lower the real wall sur- 
face temperature. This may, in the worst-case scenario, even lead to mold below 
the object. 


7.2.5 
Floor Heating Systems 


A typical indoor thermography application in homes concerns floor heating sys- 
tems. Hot water radiant floor heating systems, which are quite common in many 
European countries, have also become more popular in North America lately [16— 
18]. While applications in North America also include exterior systems, for exam- 
ple, for the melting rather than removal of snow in cold climates, the most popular 
use in northern and central Europe, particularly in Germany, are floor heating sys- 
tems in private homes. Despite the higher initial costs during the construction of 
a house, this technique is very competitive compared to conventional heating sys- 
tems since it uses lower temperatures during operation, which means lower fixed 
running costs. In addition, many homeowners prefer warm floors because they 
associate this with “just feeling good.” Also, the interior of a home, particularly 
near walls and windows, can be better used since heaters are absent. 

Two tubing patterns, spiral and meander, are common in floor heating systems 
(Figure 7.16). They differ in the homogeneity of the surface temperatures: the me- 
andering type structure usually shows a gradient from left to right as the flowing 
hot water cools down. 
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Figure 7.16 Spiral (a) and meandering (b) tubing of a floor heating system. Here, the mean- 
dering tubes are mostly parallel, but that is not a requirement. 
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Figure 7.17 One zone of a spiral laying of a floor heating system (b). The tubing is on top of 
the concrete foundation slab. The IR picture (a) was taken after the tubing was covered by the 
floating floor screed (c). 


Figure 7.17 depicts an example of the spiral zone of a system in a living room 
(dimensions 3 x 3.2 m7). 

Figure 7.17b shows the layout of the tubes before a floating floor screed about 
6 cm thick was put on top (Figure 7.17c). The IR image in Figure 7.17a was taken 
several weeks after the tubing was buried below the floating screed. 

Usually, such images are obtained when the heating is turned on after the floor 
was initially cold [16]. The image presented, here with just the screed on top of 
the tubing, was, however, obtained after many hours of heating at high power [17]. 
Obviously, under normal conditions with less heating, the temperature variations 
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would not be pronounced, as shown here. Also, if additional floor coverage is used, 
like a wooden parquet floor, the temperature distribution at the surface of the floor 
is smeared out further laterally. In this case, the tubes can indeed only be seen with 
good contrast in the heating-up period. Figure 7.17 shows that the heating system 
is working very well; the only problem may arise in the center of the spiral, where 
the temperature variation on top of the screed reaches 5 K over a distance of about 
0.3 m. 

Thermography can, of course, also be used to analyze the usual accessories of 
floor heating systems, like the boiler and its exhaust pipes, as well as the insulation 
of the connecting tubes between pump and floor heating system [17]. 


7.3 
Geometrical Thermal Bridges versus Structural Problems 


Often, the structural differences beneath the building walls, which may give rise 
to a thermal signature in the IR image, are not known in advance. In this case, a 
detailed knowledge of typical and unavoidable thermal bridges is the prerequisite 
for avoiding wrong interpretations. In this subsection, we present first some qual- 
itative examples of building thermography with geometrical thermal bridges and 
explain how they give rise to commonly observed thermal features of the building 
envelope. Then we proceed to examples of where the observed thermal bridges 
are due to structural defects like missing insulation. 


7.3.1 
Geometrical Thermal Bridges 


As mentioned in Chapter 4, geometrical thermal bridges are present in corner 
sections of buildings owing to the details of the heat flow froma small warm inside 
area to a much larger, colder outside wall area (Section 4.3.5 and Figure 7.18). 
As a consequence, inside corner sections always show a minimum temperature 
compared to the adjacent flat area of outside walls. 

The observation conditions for building corners from outside are often fluctu- 
ating because of weather conditions, sunshine, shadows, and so on (see following 
discussion), which may have already led to different wall temperatures at either 
side of a corner. However, under ideal outside conditions, late at night, with no 
wind and moisture in wintertime, it may also be possible to observe such geomet- 
rical thermal bridges due to corners with outdoor thermography. Figure 7.18c,d 
shows schematically the situation for the bottom plate of a building (gray shaded 
area) with heat transfer via convection to the outside air. Increased heat flux from 
outside corners will result in a lower temperature at the corner point, whereas 
reduced heat flux from the inside corner of a concrete bottom plate of a building 
will lead to a higher temperature at corner point B. 

The situation of Figure 7.18c,d was observed for a building under construction 
(Figure 7.19). The concrete bottom plate ended at the boundary of the house. The 
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Figure 7.18 (a) Illustration of a geometrical thermal bridges observable with outdoor 
thermal bridge in a corner of a house. The thermography. Increased heat flux from the 
(colored) contours of constant temperature outside corner (90° angle) of a concrete bot- 
are curved and the heat flux is perpendicular tom plate of a building should lead to a lower 
to them (broken lines with arrows). (b) Plot of | temperature at corner point B. (d) Reduced 
inside surface temperature of wall along line heat flux from the inside corner (270° angle) of 
ABC. The temperature shows a pronounced a concrete bottom plate of a building should 
minimum at corner point B. (c) Geometrical lead to a higher temperature at corner point B. 


plate was heated due to the test of the floor heating system of the adjacent room. 
Since the patio was not yet built, the thermal insulation at the end faces of the 
plate had not yet been installed, and one could detect the plate in the overview 
thermal image. The geometry of the relevant portions (white circles) includes an 
outside corner with a plate angle of 120° and an inside corner with a plate angle 
of 240°. Although these angles differ from the schematic ones of 90° and 270° dis- 
cussed earlier, the general argument still holds. Figure 7.20 shows IR images with 
expanded views of the corresponding corner sections. 

The geometrical thermal bridge effect can be seen clearly. The plots of the mea- 
sured temperature along the lines in the IR images reveal that temperature differ- 
ences of as much as 3 K can result. 
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Figure 7.19 The geometrical thermal bridges of a concrete bottom plate of a building in the IR 
image (a) are due to inside and outside corners, as shown in the sketch of the geometry (b). 
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Figure 7.20 Thermal images (a,b) and temperature plots along shown lines (c,d) for the geo- 
metrical thermal bridges of Figure 7.18c,d. Left: 240° inside angle; right: 120° outside angle. 


Although such geometrical thermal bridges are sometimes observable from 
outside, the effect is better known from indoor thermography. Figure 7.21a de- 
picts an example of the inside corner of a room. The thermal bridges lead to a 
temperature drop along the edges and an even larger one in the lower and upper 
corners. An expanded view of the lower corner was investigated quantitatively. 
The temperature plots along the lines, shown in the IR image, indicate tempera- 
ture drops of about 2—2.5 K just around the edge and more than 5 K in the lower 
corner, reaching minimum temperatures below 11°C. These low temperatures 
were critical with regard to mold formation. First, the investigation was done for 
an outside temperature of 1°C. In midwinter, temperatures often drop to below 


7.3 Geometrical Thermal Bridges versus Structural Problems 


28.0 °C 22.0°C 
22 
24 
59 18 
20 16 
18 14 
16 
14 12 
10 
12.0 E 10.0 °C 
(a) 


16 
15 4 
© © 
2 15F L 1 
o 
£ 514 4 
§ E | 
oy 14+ a 
5 a 13 
13+ 
12 
(c) Position along line 1 (d) Position along line 2 
16 
o 
‘o 14F 
5 
E 
2 
E 12, 
© 
He 
10 
(e) Position along line 3 
Figure 7.21 Geometrical thermal bridge corner section was analyzed in more detail, 


observed for an inside corner of a basement as indicated by the three lines (b). (c-e) Cor- 
room (no cellar) with two outside walls. The responding temperature plots along lines. 
dark blue areas (a) indicate the lowest tem- Outside air temperature: 1 °C. 

peratures. An expanded view of the lower 


zero and sometimes remain for several days to weeks below —5 or —10°C. This 
will obviously lower the corresponding inside wall temperatures and those of the 
corner sections. Second, the dew point temperature (Section 4.3.6) for 50% hu- 
midity and an air temperature of 20°C corresponds to 9.3 °C, that is, water will 
start to condense at wall areas with T < Tgewpoints However, it was shown that 
in order for mold to grow, wall temperatures need not reach dew point tempera- 
tures; typically regions with 80—90% relative humidity are sufficient [19]. Owing 
to the low corner temperatures, the adjacent air will reach 80 or 90% relative hu- 
midity, which is already well above dew point temperature, in this case, between 
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Figure 7.22 Another typical geometrical thermal bridge observed for inside corners of a bed- 
room below an inclined roof. The room was heated to around 26°C for this study. 


12.6 and 10.8°C. This means that the edge, in particular the corner regions, may 
give rise to problems if air movement is restricted. As a consequence, such inside 
corners should be kept free of shelves or other furniture to allow for sufficient air 
ventilation. 

Figure 7.22 shows another noncritical example of such geometrical thermal 
bridges. The temperature scale shows a very pronounced dark spot in the corner; 
however, minimum temperatures were well above 18°C. 


7.3.2 
Structural Defects 


In addition to geometrical thermal bridges observed at corners or edges, there is 
another class of common thermal bridges due to structural defects. Figure 7.23 
shows two examples that may show up in IR images. First (Figure 7.23a), air gaps 
between adjacent parts of thermal insulation can give rise to linelike features or 
plastic anchor bolts with steel core for attaching the insulation to the masonry 
can show up as a series of spotlike features in IR images. Such problems can be 
avoided by using two laterally displaced layers of insulation and shorter anchor 
bolts (Figure 7.23b). Other potential problems concern badly insulated concrete 
plates, serving as ceiling or floor (Figure 7.23c) in large apartment buildings giv- 
ing rise to air-filled cavities. They also lead to linelike features seen through the 
outside wall along the whole length of the plate. Such defects are energetically rel- 
evant. However, in addition to heat flow, moisture can leak into these air cavities, 
which also drastically reduces the lifetime of the whole structure, that is, they can 
easily lead to very expensive structural damage. 

Figures 7.24 and 7.25 present examples of a nine-floor apartment building made 
of precast concrete slabs. This building technique was quite common in the 1960s, 
in particular in the German Democratic Republic. Figure 7.24 shows the visible 
(panel b) and the IR image (panel a) of part of the window front of the building. 
The IR images were recorded in the early morning hours before sunrise. The cen- 
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Figure 7.23 Structural defects can be, for using two displaced layers of insulation and 
example, air gaps between adjacent parts of shorter anchor bolts (b). Other potential prob- 
thermal insulation or plastic anchor bolts with lems concern badly insulated concrete plates, 
steel core for attaching the insulation to the serving as ceiling or floor in large apartment 
masonry (a). Problems may be avoided by buildings (c). 


tral window had remained closed for a long time and also during the recording 
(only the window partially visible in the lower right corner was open). One can 
clearly identify the structural problem of missing insulation of the concrete plates 
(floor/ceiling) as described in Figure 7.23. In addition, the window frames are par- 
ticularly badly insulated since not only the window seals but also parts of the ad- 
jacent concrete plates are heated significantly. The worst problem is the missing 
thermal insulation of the concrete wall plate below the window. It simply does not 
exist; one can even see the position of the heater through the wall. In these old 
buildings, the heater could not be turned off or on at all, temperature was gener- 
ally regulated by opening a window. This building suffered enormous heat losses, 
and heating costs were extraordinary. The building was, however, renovated in 
the late 1990s, and thermal insulation was added on the exterior wall. 

Figure 7.25 shows two IR images of the windowless east wall of the same build- 
ing recorded before and after restoration of the building envelope. The thermal 
imaging analysis demonstrated that the restoration work was indeed successful. 
The overall outside temperatures were much higher; however, the temperature 
span of the images after repairs was reduced to only 3K, and still no structural 
thermal bridge could be detected. 
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(a) 

Figure 7.24 (a) Asection of the window plates (ceiling/floor), the bad insulation of the 
front of an apartment building made of pre- window, and the heater below the window 
cast concrete slabs before restoration work. through the wall. 


(b) One can see the position of the concrete 
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Figure 7.25 East side wall of building from Figure 7.24 before (a) and after (b) adding thermal 
insulation to the wall. The thermal bridges due to structural defects could not be detected 
after the repairs. 


Tp 


Finally, we want to mention another common thermal bridge effect. In the ex- 
ample in Figures 7.24 and 7.25, no thermal insulation was present anywhere, it 
was just not planned in the original design. In contrast, a large number of struc- 
tural thermal bridges occur in buildings where thermal insulation is planned, of 
course, but not installed properly. 

Figure 7.26a shows again an overview image of a family home (Figure 7.2). 
Besides the geometrical thermal bridges in the lower part, the feature near the 
dormer window needs attention. The window section is shown in more detail 
in Figure 7.26b, clearly indicating a problem that is energetically relevant. The 
problem consists in partially missing insulation at the connection of the wooden 
ceiling to the attic. The possible reasons are manifold: first, sometimes construc- 
tion workers dispose of their trash (e.g., soft drink cans) by simply stuffing it into 
the insulation material. Second, the density of the insulation material, which is 
stuffed into openings, is still low when the morning break starts, but this is forgot- 
ten after the break. Third, some additional installation (e.g., electrical, plumbing) 
may be needed, so that insulation is removed but not added back after the work 
is finished, and so forth. 
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Figure 7.26 (a,b) Thermal bridge to right of dormer window owing to missing thermal insula- 
tion material. 


7.4 
External Influences 


7.4.1 
Wind 


The surface temperature of objects is strongly influenced by the airflow around 
them. This is due to the fact that the heat transfer coefficient describing convec- 
tion between the object surface and the surrounding air depends on the flow con- 
ditions, in particular, the flow velocity [20-22]. Large flow velocities can result in 
a strong cooling effect. This has an effect, for example, on the results of outdoor 
IR imaging of buildings or electrical equipment. Moreover, the wind not only re- 
duces the surface temperature but also changes the thermal signature of the object 
surface. For most practitioners, this behavior is known and they use wind speed 
limits for their qualitative or quantitative analysis. Unfortunately, these limits are 
not standardized and the theoretical connection between the wind speed and the 
heat transfer due to forced convection at the surface is very complicated. 

In any case, the heat transfer coefficient «cony increases with flow velocity (Fig- 
ure 7.27a), that is, wind speed. This leads to changes in observed surface wall 
temperatures, as shown in Figure 7.27b, which shows the calculated temperatures 
at the surface of an outside wall (calculation similar to the one in Section 4.3.3) 
for given conditions Tinside = 20°C, Toutside = 0°C, 24cm brick wall with A = 
1.4 W (mK)71, and a conv. inside = 7-69 W (m? K)“. 

Obviously, both wall surface temperatures change with wind speed. For the out- 
side wall, this change also leads to a strong decrease in thermal signature (i.e., the 
detected temperature difference between two adjacent spots, which are due to 
differences in thermal conductivity of the wall, will decrease for increasing wind 
speed) [22]. This behavior was demonstrated for our model half-timbered wall 
structure of Figure 7.11. The experimental arrangement is shown in Figure 7.28. 
The wall model was placed in front of a heating plate and a room temperature 
airflow was generated by a large fan. The wind speed was measured using a cal- 
ibrated sensor, and the heat flux (in W m~?) was determined using a calibrated 
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Figure 7.27 (a) Outside wall convective heat transfer coefficient as a function of wind speed 
and (b) corresponding theoretical wall surface temperatures for a single-layer wall with A = 
1.4W (mK). 
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Figure 7.28 Experimental setup for analyzing the effect of wind speed on surface tempera- 
tures and heat transfer rates. 


heat flux plate. Determination of its surface temperature revealed the expected 
temperature drop with increasing wind speed as in Figure 7.27. 

A demonstration of the wind speed effect for the house wall model is shown in 
Figure 7.29. Figure 7.29a shows the wall, heated from the rear, at zero wind speed, 
and Figure 7.29b refers to a maximum wind speed of 7.3m s™t. A quantitative 
analysis of two spots (good insulation of the wall, SP01; bad insulation of the wall, 
SP02) clearly demonstrates the decrease in thermal contrast (Figure 7.30). With 
increasing wind speed, both spot temperatures decrease as expected owing to 
forced convection. However, the temperature difference between the two spots — 
describing thermal contrast — also decreases (Figure 7.30b). 

This means that outdoor thermography is less able to detect thermal bridges/ 
temperature differences at high wind speeds. 

The increase in the convective heat transfer coefficient with wind speed is 
also one of the physical principles underlying the so-called wind chill factor, well 
known from weather reports. The wind chill temperature is defined as the appar- 
ent temperature felt on exposed skin owing to the combination of air temperature 
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Figure 7.29 Change of thermal images with increasing wind speed. (a) Vwing = Om/s and 
(b) Ving = 7.3 m/s. 
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Figure 7.30 (a) Wall surface temperatures at spots 1 and 2 of Figure 7.29 as a function of time 
while increasing the wind speed from 0 to 7.3 m/s. (b) Corresponding difference in spot tem- 
peratures, which is a measure of the thermal signature. 


and wind speed. Humans do not sense the temperature of the air, but heat flow 
due to the temperature difference between the skin temperature and the temper- 
ature of the surrounding air. When there is wind, the increasing a,,,,, between 
the skin and the air results in greater heat loss, that is, the temperature of the 
skin starts to get closer to the air temperature. This is interpreted as “it feels 
colder.” The exact definition of the wind chill index [23] also includes the human 
temperature perception and is therefore more complex. 


7.4.2 
Effect of Moisture in Thermal Images 


Water damage can result in very high repair costs. Therefore, it is very important 
to know how to detect water in buildings and how water changes thermal signa- 
tures. As noted earlier, surface moisture on walls often reduces the measured sur- 
face temperatures owing to evaporative cooling. This effect must be considered 
separately from the water condensation on wall areas in corners or at edges, where 
the wall temperature is, in any case, already low owing to geometrical thermal 
bridges. In addition, the huge heat capacity of water may also lead to the warming 
up of building parts, depending on prevailing conditions. 
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Evaporative cooling occurs whenever a gas flows over a liquid surface [24]. This 
effect is well known and has been used in cooling for a long time. “In the Ari- 
zona desert in the 1920s, people would often sleep outside on screened-in sleep- 
ing porches during the summer. On hot nights, bedsheets or blankets soaked in 
water would be hung inside of the screens. Whirling electric fans would pull the 
night air through the moist cloth to cool the room” [25]. Evaporative cooling is a 
very common form of cooling buildings for thermal comfort since it is relatively 
cheap and requires less energy than many other forms of cooling. 

In brief, all solids and liquids have a tendency to evaporate to a gaseous form, 
and all gases have a tendency to condense back. At any given temperature, for a 
particular substance such as water, there is a partial pressure at which the water 
vapor is in dynamic equilibrium with liquid water. With increasing wind speed 
the number of water molecules of the liquid water that experience collisions with 
the gas molecules increases. These collisions increase their energy, and they are 
able to overcome their surface-binding energy of the liquid. This results in an 
increasing evaporation effect. The energy necessary for the evaporation of the 
liquid comes from the internal energy of the liquid. Therefore, the liquid must cool 
down. This effect must be taken into account for all temperature measurements 
at objects with moist surfaces where the measured temperature depends on wind 
speed. 

To demonstrate the consequences of evaporative cooling for buildings, labora- 
tory experiments with the house wall model were carried out (Figure 7.31). 

First, the dry surface of the house wall was analyzed (Figure 7.31a). Temperature 
differences due to different heat insulation quality are clearly seen as a thermal sig- 
nature. Subsequent to moistening the surface, the thermal signature of the wall is 
changed. The thermogram shows a more homogeneous temperature distribution 
(Figure 7.31b), and the horizontal and vertical structural thermal bridges can no 
longer be detected. This effect is due to the evaporation cooling. Water evapora- 
tion increases at wall locations with higher temperatures, causing a higher cooling 
effect at these areas. As a consequence, a more homogeneous temperature distri- 
bution across the model wall can be observed. Additional air flows over the wall 
increase the evaporation effect (Figure 7.31c). This results in a further cooling of 
the wall surface by 5—6 K at a wind speed of 7.3 m s™!. 

It can be concluded that, first, an overall reduction of the absolute wall temper- 
ature happens and, second, evaporative cooling decreases the thermal contrast 
considerably, much more than wind over dry surfaces alone. On the one hand, 
this means that outdoor thermography during rain or with moist wall surfaces is 
very insensitive in terms of the detection of thermal bridges. On the other hand, 
one may just utilize the reduction of the wall temperature for increased airflow as 
a means to detect moisture. 

We successfully tested an idea to use evaporative cooling consciously to check 
whether a cold spot on a wall is dry or moist. Figure 7.32 depicts the result of this 
experiment. At the wall in the lab, some areas were moistened with cold water 
(Figure 7.32b in black circle in IR image) and other areas were just cooled down 
using pieces of ice in a plastic bag (in white circle in Figure 7.32b) to avoid the 
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Figure 7.31 Thermal images of house wall model showing effect of evaporative cooling. 
(a) Dry surface; (b) moistened surface, no wind; and (c) moistened surface, wind speed 7.3 m/s. 
The temperature scale of 25-35 °C is the same for all images. 


moistening of these areas. The water temperature was chosen such that approxi- 
mately the same initial wall temperatures (without airflow) were measured. They 
were slightly below room temperature. It was not possible from the initial thermal 
image alone (Figure 7.32b) to determine which area was moist and which was dry. 

If an additional airflow is directed onto the surface using a fan, the rate of evap- 
oration of the water at the moist areas increases, resulting in a cooling down of 
these areas by 3—4 K within 10s (Figure 7.32c,d). In contrast, the dry areas are 
heated by the room temperature airflow. In such experiments, a qualitative analy- 
sis to find moist areas on walls becomes possible with thermography by directing 
a fan toward the wall. 

Quite a few investigations have been reported for moisture detection in build- 
ing envelopes and on roofs using thermography (e.g., [26—32]). The idea behind 
this is usually to utilize evaporative cooling to detect moisture within a wall or 
ceiling [31]. Thermography was used to observe the walls and the ceiling be- 
fore, during, and after water testing. In particular, the differences in moisture 
for roof assemblies, above-grade assemblies, and foundation wall assemblies were 
discussed in detail together with a methodology for exterior and interior inspec- 
tions [28]. Other studies tried to quantitatively estimate moisture in masonry and 
wood structures [32] or to use solar loading to detect suspect areas [29]. In the 
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Figure 7.32 Analysis of dry and moist cold spots on a wall while applying airflow. (a) Experi- 
mental setup; red rectangle: observed area; (b) IR image of prepared wall without airflow; and 
(c,d) thermal images using airflow of 7.3 m/s after 2 s (left) and 11 s (right). 


latter case, heating and cooling of the walls were observed. If water, which has 
a much higher heat capacity than building materials, is trapped in the walls, the 
corresponding regions will warm up more slowly. 

Another study focused on the sometimes observable strange warm edges of 
moisture regions observable in building thermography [33], for example, when 
water is sprayed onto buildings to locate areas of intrusion. From evaporative 
cooling, one would expect cold regions if moisture is involved. However, tran- 
sient warming up of the edges of moist regions may happen before this cooling 
starts to dominate. 

Figure 7.33 shows an example of a laboratory experiment that demonstrated 
both evaporative cooling and a warm edge at the moisture front [33] for room 
temperature water poured at the upper right corner of a soft paper tissue. The 
warming is due to additional mechanisms as a result of exothermic chemical re- 
actions, that is, reactions that release energy to the surroundings. Therefore, it 
is only observable in certain building materials, for example, some woods, paint 
filler materials, and cellulose-containing materials (e.g., wallpaper), but never in 
metallic parts, plastic, or glass. The paper tissue temperature at the spot in Fig- 
ure 7.33 increased by about 5 K at the warm edge before cooling down to about 
2°C below room temperature after the moisture edge passed the spot. 
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Figure 7.33 Snapshot from a time sequence after water was poured onto a soft paper tissue 
(after [33]). Besides the evaporative cooling, a warm edge can be observed. 


743 
Solar Load and Shadows 


The outer walls of buildings are often subject to solar radiation. This solar load can 
lead to appreciable temperature rises within a wall [29]. However, even for clear 
sky conditions, the radiation flux incident on a wall changes during the day owing 
to the changing elevation and direction of the sun. Additional short-term changes 
may happen owing to cloud shadows or shadows from trees or neighboring build- 
ings, which can move across the wall of a house. As a consequence, these external 
effects of solar load and shadows inevitably lead to transient effects: the surface 
temperatures of sun-facing walls and roofs will change continuously. In addition, 
all walls and roofs can experience night sky radiant cooling (Section 7.4.5), which 
also leads to transient effects. Following the description of simple model results 
of these effects, corresponding experiments and observations are presented. 


7.4.3.1 Modeling Transient Effects Due to Solar Load 

Measurements were done on two buildings with different but typical wall systems 
in Germany. Simple model calculations for the corresponding specific walls were 
studied but implementation for other wall systems is easily possible. The walls 
(Figure 7.34) consist of a layer system of gas concrete and exterior plaster (wall 1, 
Figure 7.34a) and the same system with an additional layer of 6cm Styrofoam, 
also called expanded polystyrene (wall 2, Figure 7.34b). Styrofoam is a very good 
insulating material with low thermal conductivity. The table in Figure 7.34c gives 
a summary of the relevant properties of the used materials. The time dependence 
of wall heating and wall cooling depends on the construction and the properties 
of the wall materials. Owing to its insulation properties, it is expected that the Sty- 
rofoam coating will significantly affect the temperature distribution in the walls 
(Figure 4.10). Therefore, a difference in the time dependence of heating and cool- 
ing processes between the two wall models is expected. 
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Figure 7.34 Wall models. (a) Wall 1, (b) wall 2 = wall 1 with additional thermal insulation, and 
(c) table of relevant material properties used in the model. 


The surface temperatures of the wall and the temperature distribution within 
the wall were simulated using a freeware Excel program DynaTherm2000 [34]. 
The program uses the finite-element method to calculate the temperature distri- 
bution depending on the boundary conditions. It allows the calculation of tran- 
sient heat conduction in any composite wall while taking into account the main 
meteorological influences — geographical position, solar conditions (sun eleva- 
tion as a function of time during the day, day of year, geographical latitude, and 
longitude), and wind speed. In particular, it automatically includes the solar-load- 
induced wall heating. 

Figure 7.35 shows the temperature distributions in the cross section of the wall 
models for several time periods after sunset and after the wall had been exposed 
to solar radiation for 5 h (this resembles a house that gets only afternoon sun). The 
steady-state conditions for the air temperatures were T;,;4¢ = 20°C and Tputside = 
6 °C. Owing to the solar load, inner wall regions of gas concrete are heated up in 
Figure 7.34a. The Styrofoam insulation in wall 2, however, acts as a barrier for the 
solar-load-induced thermal flux. Therefore, the maximum gas concrete temper- 
atures are below 21°C in Figure 7.34b, which is much lower than in Figure 7.34a. 

The larger amount of stored thermal energy within wall 1 will obviously lead to 
longer cooling times compared to wall 2. This cooling process will be governed by 
heat diffusion from the inside of the wall to the surface. To compare the results of 
simulations with the experimental results, it is necessary to calculate the outside 
wall surface temperatures due to the solar load. With the appropriate conditions of 
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Figure 7.36 Simulation of surface tempera- t = O corresponds to the end of solar irra- 


tures of model walls 1 and 2 for Tinside = 20°C diance, that is, the start of the subsequent 
and T, 


outside = © °C. Solar irradiance started at cooling process. The timescale corresponds to 
t x —18 000s, yielding 5h solar load. Time times given in Figure 7.35. 


solar irradiance, the modeled surface temperatures during the heating and cooling 
process are shown in Figure 7.36. 

At first glance, the temperature rise and the cooling of the wall surface seem 
to exhibit a simple exponential behavior. This is motivated by the fact that it is 
possible to characterize a one-dimensional (1D) time-dependent cooling process 
for an infinite 1D wall with one material by 


T =A, -exp(-=)+T, (7.2) 


where T is the surface temperature of the wall, Tọ is the wall temperature in sta- 
tionary thermal equilibrium, and r is the corresponding time constant. 
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Figure 7.37 Experimental setup for electrical-heater-induced wall heating. 


The cooling process of multilayer systems with nonhomogeneous initial tem- 
peratures within walls, like for walls 1 and 2, is more complicated. However, the 
simulations demonstrate that the model results may be fitted with the following 
equation: 


T = A; -exp (-£) +A, exp (-£) + Ty (7.3) 
Ti T. 

From these modeling results we conclude that, owing to the complex interplay 
between cooling due to convection and radiation from the outside and heat flow 
from stored energy in the wall to the outside surface, no simple Newtonian expo- 
nential cooling is expected [35]. Rather, we will try to fit the experimental results 
by the more complex double-exponential function of Eq. (7.3). 


7.4.3.2 Experimental Time Constants 

To analyze the cooling process of a wall experimentally [36], it was necessary to 
provide either solar load or an alternative wall-heating mechanism. In a first test, 
the wall was heated using an electrical heating plate (A = 1.2 m?) that could be 
attached to the outside surface of the walls. It was thermally insulated from the 
outside (Figure 7.37) and had more or less homogeneous surface temperatures 
across the whole area. 

The cooling of the two walls after electrical heating was measured with IR cam- 
eras in the MW and LW regions by studying average temperatures within a cen- 
tered area of about 200 cm”. The resulting standard deviation within the area was 
typically less than 0.3°C. As suggested in Section 4.5, we do not expect simple 
exponential cooling but rather fit the data with Eq. (7.3). The results for the LW 
measurements and both walls are shown in Figure 7.38. When comparing these 
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Figure 7.38 Measured surface temperatures of walls 1 and 2 immediately after removing the 
heater. The reason for the occasional drops in the data points are automatically performed 
camera calibrations. 
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Figure 7.39 IR image of solar-radiation-heated wall 2 (a) and visible image (b) after 4h after- 
noon solar load. LW camera, T(ARO1) = 36 °C, T(ARO2) = 42°C, T. = 20°C. 
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results with the rather crude infinite 1D wall model of the simulation, one finds 
the same trends between walls 1 and 2, that is, the cooling times of wall 1 are much 
larger than for wall 2. 

In a second test, measurements using solar heating were done after 4 h of sun- 
shine on wall 2 in the late afternoon. Figure 7.39 shows the measurement with 
analysis regions ARO1 and ARO2. The average temperature of ARO2 is higher ow- 
ing to the reflected radiation by the lateral window. 

Figure 7.40 depicts the measured temperature differences AT = Trea — Tamb aS 
a function of time, after the sun has stopped irradiating the wall (hidden behind 
forest trees). At t = 1600s, part of the wall around ARO1 was briefly irradiated 
again (suitable geometry of sun, clearing in forest, and house). Obviously, the solar 
load can easily lead to temperature differences of more than 20K on walls and 
the corresponding time constants can easily amount to 1000s. Since a signal has 
decayed to less than 1% of its original value only after about five time constants, 
this means that whenever a solar load is present on a wall, one should wait at least 
1-2h before the solar load effect no longer shows up in the IR image. For walls 
with larger time constants, these waiting times may be even longer. 
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7.4.3.3 Shadows 
Figure 7.41 presents a typical example of outdoor building thermography. A house 
wall is illuminated by the sun, but part of it is already in the roof shadow. In addi- 
tion, one clearly sees thermal reflections from the top of the right window frame. 
The shadows lead to transient effects of solar load heating and cooling of the wall. 
A similar example, recorded in wintertime, is shown in Figure 7.42. The shadow 
of the rooftop of the neighboring house is clearly visible on the house wall. Owing 
to the change in position of the sun as a function of time (1° in 4 min), the shadow 
moves across the wall. From the geometry one may estimate a typical change of, 
say, 20cm in 5 min. In the center of the shadow (to the left of the vertical metal 
chimney), the house wall is about 17 K colder compared to locations fully exposed 
to solar radiation for hours. Figure 7.42b shows the temperature along the line 
visualizing the temperature gradient. The broken red line indicates the expected 
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Figure 7.40 Temperature difference AT between average temperatures of areas ARO1 and 
ARO2 of Figure 7.39 and T,, as a function of time. 
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(a) (b) 


Figure 7.41 MW IR image (a) and VIS image (b) of a wall with solar-induced wall heating (A), 
solar reflections (B), shadowing effects of neighboring building (C), and tree branches (D). 
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behavior of the house wall. The lower signals are due to the lower emissivity of 
the metal chimney. 

Such transient effects may lead to misinterpretation. Imagine, for example, that 
the shadow of a tall structure had been on a wall and then the sun disappeared 
behind clouds. Still, the wall would present a thermal image of this shadow for 
more than an hour. If one were unaware that the thermal feature was due to solar 
load and shadows, one might think of structural defects, which would be a totally 
wrong interpretation. 


74.34 Solar Load of Structures within Walls 

Solar load effects not only affect plane walls but may also change the thermal fea- 
tures of structures within walls as a function of time. This was studied for the 
house shown in Figure 7.43. As an example, Figure 7.44 illustrates the difference 
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Figure 7.42 IR image (a) and line plot (b) visualizing temperature gradient of transient cooling 
due to shadow and heating by sun on a house wall. Scale: 1-25 °C. 


Inside Outside 


es 


Window Air gap Blind 


aes 


(b) 


Figure 7.43 House wall with windows and a closed blind (a) covering a window with an air 
gap. This resembles a composite wall structure (b) similar to Figure 7.34, however, with differ- 
ent material properties. 
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-2.0 °C 


(c) (d) 


Figure 7.44 MW camera thermal images of closed blind (A) and thermally insulated wall (B). 
(a) At 7:30 a.m. before sunrise, AT = 0K; (b) at 3:50 p.m., 30 min after 4h of irradiance by the 
sun ended, AT = 2.6K; (c) at 4:50 p.m., AT = 1.3 K; and (d) at 5:50 p.m., AT = 0 K again. 


in time-dependent cooling processes between a thermally insulated plane wall 
section (B) and an adjacent closed blind (A). 

Figure 7.44 shows measurement results before sunrise (Figure 7.44a), 30 min 
(Figure 7.44b), 90 min (Figure 7.44c), and 150 min (Figure 7.44d) after solar-load- 
induced heating (4h with interruptions) had ended. Average surface temperatures 
were analyzed. Initially, that is, in the morning before sunrise, the temperature 
of the two areas was the same. Solar load led to an increased wall temperature 
compared to the blind. This temperature difference AT slowly decreased with 
cooling time. Owing to the very low thermal heat capacity and the good insulation 
from the window by the air gap, the closed blind cooled down after sunset more 
rapidly than the solid wall. Absolute temperatures depend on material properties. 
From this we can conclude that solar load can also affect the thermal contrast 
between a wall and its composite structures. 

We note that solar-load-induced temperature variations of different building 
materials was also used in nondestructive testing [37]. The daily cycle of solar 
irradiation was used as input for lock-in thermography (Section 3.6.3), that is, the 
corresponding thermal wave had a period of 24h. This made it possible to probe 
the walls of buildings with a penetration depth on the order of several centimeters. 


7.4.3.5 Direct Solar Reflections 
Solar irradiation is not completely absorbed by a wall, so it does not just lead to 
a heating up but also results in a diffuse reflection from rough surfaces and spec- 
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Figure 7.45 Detecting wall reflections. The the wall leads to an instantaneous drop (red) 
temperature of a wall exposed to solar ir- of this apparent wall temperature due to so- 
radiation for a long time is described by a lar reflections before cooling processes start 
steady-state temperature (blue). Ashadowon (green curve). 


ular reflections from polished surfaces. Owing to the spectrum of the radiation 
from the sun, this effect should be more pronounced for MW cameras than for 
LW systems. Initially, we neglect specular reflections from polished surfaces (B in 
Figure 7.41) but focus on rough wall reflections. 

There is a simple way to test the effect of wall reflections. A wall is exposed 
to solar irradiation until nearly steady-state conditions are reached after several 
hours. If at time tọ some object is placed between the sun and wall such that part 
of the wall surface is in shade, the apparent surface temperature measured with 
IR cameras will exhibit the kind of behavior shown in Figure 7.45. At first, there 
is a very rapid, instantaneous drop, owing to the now missing direct reflection of 
the solar radiation. Later, the wall area in the shadow starts to cool down with 
time constants as discussed earlier. The initial instantaneous drop indicates the 
temperature measurement error. 

The physics behind the signal change was already discussed in Chapters 1 and 2 
(Eqs. (1.29) and (2.37)). The radiometric chain for gray bodies with e < 1 usually 
neglects reflected solar radiation and only treats the reflected background radia- 
tion. This is fine as long as there is either no direct sun present or that detection 
is in a long-wavelength IR region such that solar reflections can be neglected with 
respect to the other signal contributions. Here, however, we treat the case where 
solar reflections cannot be neglected. For simplicity let us assume that reflections 
from the surroundings at ambient temperature as well as atmospheric contribu- 
tions can be neglected (Tam = 1). In this case, Eq. (2.37a) would have one signal 
contribution only. Including the solar reflections, a modified equation for the ra- 
diant power from a (sun-irradiated) opaque wall at equilibrium wall temperature 
Twan Will have two contributions: 


wall 
D(A) =E: Pyaar, T wall) t a = £) : Don, Teun) (7.4) 


In practice, we need to evaluate these signals for the limited wavelength ranges of 
the cameras used (see below). 

If the complete signal is interpreted as being solely due to the thermal wall ra- 
diation (first term), one will then detect an apparently larger signal, that is, a wall 
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Figure 7.46 VIS image (b) and MW camera IR (c) was less sensitive to reflections; however, 
image of wall 2 immediately after shadowing the shadow could be detected via the wall 
recorded (a), indicating detection of direct cooling (here after 35 s). 

solar reflections. Detection with a LW camera 


temperature reading, if there is also a solar reflection contribution (second term). 
However, when the wall is no longer being irradiated by the sun (second term re- 
ally absent), the signal will instantaneously drop to the real signal contribution of 
the wall, that is, the real wall temperature can be detected. 

The experimental setup and measurements of this effect are shown in Fig- 
ure 7.46. A wall was exposed to solar radiation for about 3h. The shadow was 
produced on the wall using a large Styrofoam block. Detecting surface tempera- 
tures (around 35 °C for € = 0.94) with the MW camera, we found a temperature 
drop AT = 1.8K immediately after shadowing. With a LW camera the instanta- 
neous drop is nearly nonexistent (A T < 0.4 K). However, the subsequent cooling 
due to the persistent shadow became visible later (1.5 K after 35s). 

From Figure 7.46 we conclude that solar reflections can become very important 
for MW camera systems with apparent temperature effects of up to 2 K. The size 
of this effect is surprising since walls have very rough surfaces, that is, high emis- 
sivity and very low diffuse reflectivity. Obviously, roof tiles typically with more flat 
surfaces may exhibit much stronger directional reflectivity, thereby amplifying the 
solar reflection contributions. 

Figure 7.47 shows an example of a roof observed with MW and LW cameras. 
The geometry is shown in Figure 7.48. The measured apparent roof temperature 
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Figure 7.47 IR images of a roof recorded 
with a MW camera (a) and a LW camera (b) at 
Tamb = 20°C. The MW camera detects a higher 
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Figure 7.48 (a) Geometry of measurement Yun = 53° at NOON, A,oo¢ = 24°, Bcamera = 9°- 
(b) Scattering of radiation from surface with microroughness (after [38]). 


differences between MW and LW amount to more than 10°C! In what follows we 
will try to quantitatively interpret these images. 

From the known angles (solar elevation, roof angle, camera observation angle) 
it was found that the observation was in a direction rather close (x 14°) to the 
specular reflection of solar radiation. Therefore, one may expect a strong contri- 
bution of diffuse reflections (Figure 7.48b). Analyzing the geometry in detail, we 
found the observation direction to be at ~ 75° with respect to the surface normal 
of the roof tile. For such large angles, the emissivity decreases to a value of about 
€(75°) x 0.8, as has been tested in the laboratory, giving a reflectivity of p = 0.2 
for the subsequent roof analysis. 

To quantitatively estimate the influence of reflected solar radiation on wall and 
roof signals in MW and LW regions, we need to introduce the blackbody radia- 
tion functions from band emission (Section 1.3.2.5). Fo) gives the fraction of 
total blackbody radiation in the wavelength interval from 0 to A (Eq. (1.20)) com- 
pared to the Stefan—Boltzmann law, that is, the total emission from 0 to œ (M) 
denotes the spectral emissive power). Under assumptions of constant detector 
sensitivity in a wavelength interval (44, 4) and a constant emissivity £, F(g_,,) can 
be used to calculate the fraction AF(A,, A3) of radiation in the MW and LW ranges 
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Table 7.4 Results of fraction of reflected solar radiation in MW and LW range. 


IR region in um AF (6000K) S en: fraction of reflected solar radiation (W/m?) 
Winter, I = 200W/m? Summer, I = 800 W/m? 


MW 3-5 1.45 - 107? 0.174 0.696 
LW 8-14 9.88 - 1074 1.18 - 107? 4.74 - 107? 


(Eq. (1.21)). The detailed argument will be given for the wall example (Figure 7.46); 
extrapolation with different e for the roof example is straightforward. 
For a sun temperature T,,,,, = 6000 K, reflectivity of the wall R = 0.06, solar 


irradiance in winter J = 200 W m~ and in summer I = 800 W m7”, we define the 
fraction of reflected solar radiation 


Sen =R-AF +I in W/m? (7.5) 


With that one finds the results shown in Table 7.4. 

These numbers depend strongly on the actual value of R. Larger reflectivities 
(ie., smaller emissivities) can dramatically increase the reflected solar radiation, 
particularly in the MW band, since AF yw 7% 15 - AF pw. 

To judge the effect of these reflected solar radiations Sep on the IR camera 
readings, we estimate the necessary thermally induced radiant signal changes 
AS which result in an apparent AT = 1 K increase in temperature of a wall 


thermal? 
from, say, T; = 307 K to T, = 308K. It is calculated from 
AS norma mw = € ` (AF yy(T oT? — AFuw( To T3) (7.6) 
ASthermal,Lw = E (AF iy(T)oT? = AF w(T,)oT3) (7.7) 


With an emissivity of the wall of € = 0.94, we find AS herma (MW) = 0.25 W m™. 
The spectrally resolved irradiances from a wall surface (e = 0.94, R = 0.06) for 
reflected solar radiation Sep and the thermally induced radiant signal change 
AS thermal from 307 to 308K is plotted in Figure 7.49. The blue and red regions 
denote respectively the MW and LW camera ranges. The hatched areas below the 
plots of S en (A) and AS ihermai (A) correspond to the computed values. For example, 
for 200 W m~? 

5 um 

Stef = | Sen) dA x 0.174 W/m? and 
3um 
Sum 


AS thermal = | Sthermal(A) dA = 0.25 W/m? (7.8) 


3 um 


Of course, the graphs for ASihermal in Figure 7.49 will change if the object tem- 
perature T is changed. The interpretation will, however, be the same. As is obvious 
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Figure 7.49 Reflected spectral radiance of sun Sep for € = 0.94, that is, R = 0.06 for a given 
irradiance of 200 W m-? (a) and 800 W m™? (b), compared to a signal change of the thermal 
radiation of the object at 307 K. AS,, induced by AT = 1 K change. 


from Figure 7.49, solar reflections are negligible, that is, they are much smaller for 
LW camera systems compared to MW cameras. 

The preceding analysis can help understand the differences in solar reflection 
from wall and roofs. In the wall measurement (Figure 7.46), the reflected portion 
of the sun’s radiation amounted to an apparent temperature drop AT = 1.8K, 
which (at T} = 307 K) corresponds to 1.8 - 0.25 W m™? = 0.45 W m7”. If this ad- 
ditional irradiance were due to reflected solar radiation, one would need a solar 
irradiation of (0.45 W m~? /0.174 W m7’) - 200 W m~? x 520 W m~?, which is rea- 
sonable for a clear day in May at noon. 

For the roof, however, the angle of emission of around 75° with respect to the 
surface normal led to a reduced emissivity (e(75°) = 0.8), that is, increased re- 
flectivity (R = 0.2). Repeating the preceding calculation for the higher basis tem- 
perature of the roof (38 °C), we find for the same solar irradiation of 520 W m~? 
that the reflected portion of MW radiation will cause a temperature difference of 
about 7 K. Experimentally, the temperature difference between the LW and MW 
cameras amounted to about 10K, which — considering the simplicity of our the- 
oretical approach — is reasonably close. 


7.4.4 
General View Factor Effects in Building Thermography 


Besides transient effects due to solar loads, shadows, and changes in wind and 
rain with time, there is another very important fundamental parameter that has 
a strong impact on outside building temperatures: the geometry of the surround- 
ings. In Chapter 1, the laws of blackbody radiation and radiative transfer between 
objects of different temperatures were introduced. Consider the simplest arrange- 
ment, which deals with a gray object of given temperature T pj within isotropic 
surroundings of constant temperature T urr. For simplicity, the space between ob- 
ject and surroundings should be a vacuum such that conduction and convection 
can be neglected. In this case, the radiation exchange between object and sur- 
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Figure 7.50 An object surrounded by other facing two neighboring buildings of different 
objects with differing temperatures willhave temperatures (b). This will lead to differences 
a different radiative transfer in the various di- in the temperatures of the corresponding 
rections (a). The situation is similar to a house object sides. 


roundings is due to the radiant power e - ø - T4. - A p; emitted by the object and 
obj ob) 


the corresponding radiant power €- o - Tg” Aopj received by the object from 
the surroundings. Hence the net radiant power emitted (Ty; > Tsurr) or received 
(Ton; < Tsurr) by an object is given by 

O=e-Ayy-o (Thy - TS ) (7.9) 


surr 


However, when an object is not surrounded by an isothermal surface, the sit- 
uation becomes more difficult. Consider, for example, the situation depicted in 
Figure 7.50a. An object is surrounded by two hemispheres of different tempera- 
tures. In this case, the left side of the object (in the center) emits more radiation 
than it receives, whereas the right side of the object receives more than is emitted. 
As a consequence, the left and right object surfaces may have different tempera- 
tures, unless the thermal conductivity of the object is extremely high. The same 
thing may happen to buildings. Consider the situation depicted in Figure 7.50b. 
House 1 has two neighboring buildings of different temperatures. House 2 has 
colder and house 3 warmer outside surfaces than house 1. Assuming again only 
a finite thermal conductivity of the wall material (which is reasonable), the wall 
facing house 3 should become warmer than the wall facing house 2. Figure 7.50 
is, of course, only a simplified description. Usually any object (e.g., a building) is 
surrounded by many different objects (e.g., houses, trees and plants, ground, sky, 
clouds), and one must consider the radiation balance including all parts. Quanti- 
tatively the radiative contribution from each part of the surroundings is described 
by the corresponding view factor, introduced in Section 1.3.1.5. 

Rather than presenting the complex calculations, the effect of the view factor 
on building thermography is illustrated schematically in Figure 7.51 for three dif- 
ferent typical situations in the field of outdoor building thermography. 

For buildings, there are usually three objects of different temperatures around. 
First is the ground, including vegetation, at Troung) second are neighboring ob- 
jects (buildings) that, owing to internal heating, may have different surface tem- 
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Figure 7.51 (a-c) View factor for different situations with respect to radiation exchange. 


peratures, 7',;...3 and finally is the sky, which may be clear or blocked by clouds 
and which has a temperature Ty. The question of how much each part of the sur- 
roundings contributes is given by the view factor. Qualitatively, it is larger for two 
objects facing each other compared to the case where there is an angle involved. 
Figure 7.5la depicts a flat-roof building facing the sky. The radiative exchange 
of the roof with the surroundings is described by the view factor. It is calculated 
by integrating over the half sphere above the roof. Therefore, only the sky con- 
tributes. For a building with a tilted roof (Figure 7.51b) the sky can only contribute 
in a reduced angular range to the radiative exchange of the roof. In addition, part 
of the roof also faces the ground, which will have a different temperature. In this 
case, two view factors must be calculated, and the separate contributions need to 
be summed up accordingly. Qualitatively, one could immediately argue that the 
overall effect will be a larger or smaller radiative exchange depending on whether 
the additional ground temperature is larger or smaller than the sky temperature. 
Finally, Figure 7.51c again shows a building with a tilted roof that in addition faces 
another neighboring building. Now there are three contributions to the radia- 
tive exchange of the roof surface, a further reduced sky contribution, a reduced 
ground contribution, and an additional object contribution. Obviously, the situa- 
tion becomes more complex as more objects of different temperatures are added. 
Different parts of the building, such as the walls, will have different contributions 
depending on their orientation. 

A test involving a heat flux plate showed [39] that for a clear night sky (see be- 
low) the measured heat flux from the plate toward the surroundings could amount 
to as much as 60 W m™? if oriented horizontally (i.e., the plate normal facing the 
zenith angle 0°). Changing the angle between plate normal and zenith from 0° to 
90° (the latter corresponds to a vertically oriented plate, the surface normal being 
horizontal) led to a decrease in observed heat flux to only 10 W m7”. 

Owing to the fact that building walls or roofs usually have only low values of 
thermal conductivity, the different surrounding temperatures may easily lead to 
temperature differences on the building envelope, even if wall thicknesses are the 
same and no thermal insulation problems exist. Examples are given in what fol- 
lows after a more detailed discussion on night sky radiant cooling. 
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7.4.5 

Night Sky Radiant Cooling and the View Factor 

The three typical temperatures of the surroundings of buildings, Tground? Toby 
and Ty vary within different limits. Typical building temperatures (T,,;) can 
vary due to solar load and shadows during the daytime and due to cooling ef- 
fects during the night; however, since there is internal heating in wintertime, the 
building envelope temperatures will usually not drop below the outside air tem- 
perature. Similarly, ground temperatures will not drop significantly below the air 
temperatures (see also following discussion). In contrast, the sky can show the 
most dramatic temperature variations. The greatest temperature difference oc- 
curs between clear and cloud-covered skies. This is due to the fact that clouds are 
opaque objects in the IR and have temperatures based on their minimum altitude. 
In contrast, the measured temperatures of clear skies are due to contributions 
from all atmospheric altitudes since the emissivity of thin layers of air within the 
atmosphere is quite small. 

Nearly everyone with access to an IR camera has probably once pointed it to- 
ward a clear sky, maybe just out of curiosity. Figure 7.52 shows one such thermal 
image, which includes the horizon. The emissivity was chosen near unity to get a 
reasonable measure for the objects close to the horizon within a distance of about 
100 m (air temperature 10°C). The sky shows a colored band (in the chosen color 
palette) with apparent temperatures (along the line of IR image) decreasing to 
about —40 °C at the top of the image. 

Of course, these apparent temperatures are absolutely useless; they refer to 
some kind of effective sky temperature averaged over the whole line of sight. A 
more thorough quantitative analysis of IR emissivities of sky radiation leads to 
emissivity values on the order of 0.8 [40]. Using these emissivities, effective sky 
temperatures were defined using the net radiant heat flux from an object of tem- 
perature T toward the hemispherical sky with effective temperature T,.,. In a sim- 
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Figure 7.52 Typical thermal image of a clear night sky, angular range 24° (a) and apparent 
temperature profile for constant emissivity along chosen line (b). 
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Figure 7.53 Influence of clouds on detected IR camera temperature (VIS image taken during 
the day, IR image taken at night). Clouds can have much larger apparent temperatures than 
the clear sky. 


plified model, the effective sky temperatures depend on dew point temperature, 
ambient temperature, and cloud cover [40]. 

Figure 7.53 depicts VIS and IR images of clouds and a clear sky in the back- 
ground. Owing to their low altitude, the clouds have much higher temperatures 
than the clear sky in the background. High cirrus clouds with a base at 10 km can, 
however, easily have temperatures as low as —55°C [41] (for more details on sky 
and clouds, see Section 11.5.1). 

The possible very low effective clear sky temperatures can have a dramatic in- 
fluence on outdoor IR thermal imaging of buildings, in particular if the rule for 
outdoor thermography — that recordings should be made in the early morning 
hours before sunrise — is obeyed. Clear skies strongly increase radiative losses 
compared to completely cloud-covered skies. They can therefore lead to large 
time-dependent temperature drops of walls, roofs, and windows of buildings. In 
this case, weather conditions of the previous night define the thermal behavior of 
the outside building envelope. For hot climates, this effect has been proposed as 
a cooling mechanism [42]. 

From everyday experience (in climates that occasionally experience freezing 
temperatures) it is well known that air temperatures can get unusually low after 
nights with clear skies, in contrast to the case of completely cloud-covered skies. 
Therefore, very low morning air temperatures are an indication of night sky radi- 
ant cooling [39] (of course, the process also takes place during clear days; however, 
it may then be obscured by solar load effects since clear daytime skies automat- 
ically correlate with daytime solar loads). In the following sections, a number of 
examples are discussed that illustrate the importance of the view factor in building 
thermography, in particular when night sky radiant cooling is involved. 


7.4.5.1 Cars Parked Outside or Below a Carport 

It is known that parking a car in a carport can prevent the cooling down of the car 
windshield to a temperature below the dew point or the freezing point of water. 
This behavior is shown in Figure 7.54. In Figure 7.54a,c two cars are parked: one 
inside and the other outside of a carport. The carport roof consists of 3.5mm 
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2.3 °C 


Figure 7.54 (a,c) Two parked cars (onein and ofthe car parked outside (d) was partially cov- 
one outside a carport with a plastic roof) after ered with aluminum foil, which was removed 
a clear sky night during winter. (b,d) On an- right before the IR image was taken. 

other night the windshield and engine hood 


thick sheet of plastic and is opaque in the IR range. The effective clear night sky 
temperature is much lower than the ambient air temperature and cools down the 
carport roof and the car outside the carport. The windshield of the car below the 
carport roof, however, is much warmer than the one outside. It sees only a small 
angular part of the clear night sky and a much larger part of the inner roof with 
a temperature well above the sky temperature. Therefore, it suffers less radiative 
losses to the surroundings than the car outside the carport. 

During a clear night sky the windshield of the car parked outside (Figure 7.54a,c) 
directed to the sky was strongly cooled down to —12°C. In contrast, the windshield 
temperature of the car within the carport was approximately equal to the ambient 
temperature of —4°C. 

A well-known and often used way to avoid a frozen windscreen on a car parked 
outside is to attach a foil blanket on top. Figure 7.54d shows a partially covered 
windshield of a car parked outside with an ordinary aluminum foil about 30 um 
thick. The high reflectivity (R > 95%) of the aluminum foil causes a low emissivity 
€ < 0.05 of the covered area. The radiant energy loss during the night is reduced 
below the foil, and the corresponding IR image (Figure 7.54b) recorded directly 
after removing the foil clearly shows the higher temperature of the previously foil- 
covered area. The thermal conductivity of glass, at A glass © 0.7 W (m K)“1, is very 
low. Therefore, the temperature difference of about 5 K between the two areas of 
the windshield can be observed. For comparison, aluminum foil was also placed 
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Figure 7.55 Areas of an outside building wall (facing no other warm objects/buildings) cov- 
ered with aluminum foil (a). Thermal image of wall immediately following removal of alu- 
minum foil 4h after sunset (b). 


on an area of the engine hood. The IR image does not show a temperature dif- 
ference on the engine hood because the thermal conductivity of the metal, at 
Actes! & 50W (m K)™}, is much greater, which leads to a fast temperature equal- 
ization. 

Figure 7.54 also illustrates the fact that objects can indeed cool down far below 
the ambient temperature when the nighttime sky is clear since the large loss in 
radiant heat cannot be accounted for fast enough by heat transfer due to convec- 
tion. 


7.4.5.2 Walls of Houses Facing a Clear Sky 

For vertical walls of buildings the view factor for night sky cooling is much smaller 
than for car windshields because there is a 90° angle to the zenith. To analyze the 
influence of clear sky radiant cooling on the temperature of a wall without any 
neighboring objects (imagine the situation as depicted in Figure 7.51b for verti- 
cal surfaces), two areas of a wall were covered with aluminum foil at sunset (Fig- 
ure 7.55). The foil was removed and a thermal image taken 4 h after sunset. Like 
the car windshield, the previously covered areas exhibited a higher temperature 
with a AT reading up to 6 K caused by the reduced night sky cooling. This means 
that house walls facing clear skies do also cool down, though not as much as roofs. 


7.4.5.3 View Factor Effects: Partial Shielding of Walls by Carport 

Carport roofs also present opportunities to study the differences in the radiant 
night sky cooling of building walls. Figure 7.56 shows again the carport from Fig- 
ure 7.54. As mentioned earlier, the temperature of its upper roof surface has de- 
creased during the night sky radiant cooling but, because of air convection, re- 
mains at a higher temperature level than the effective night sky temperature. It 
is interesting to compare the three house wall segments indicated by areas ARO1, 
AR0O3, and ARO4. They all belong to the same wall with the same construction and 
no geometrical thermal bridges. The radiant energy loss of the wall below the car- 
port roof (ARO1) is much smaller than the energy loss of the wall above the roof 
(see temperatures of ARO4) owing to the differences in view factor with respect 
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(a) 


Figure 7.56 Influence of different view factors on radiant cooling rates of building walls. The 
thermal image was taken 4h after sunset. 


12.4 °C 


(a) 


Figure 7.57 Transient temperature distribution of a fence and its base caused by different 
thermal time constants. The IR image was recorded shortly before sunrise. 


to the clear sky and the long thermal time constants of the wall. The temperature 
differences 4 h after sunset amount to about 3 °C. The wall temperatures of ARO3 
are in between, since this wall segment is still partially shielded from the night sky 
(resembling a viewing angle smaller than that in Figure 7.51) by the carport roof. 

The small wooden house at the rear of the carport is also completely covered 
by the carport roof. The temperature of this wooden house (ARO2) is, however, 
smaller than the temperature of the adjacent building wall (ARO1). This effect is 
caused by the much smaller thermal capacitance (smaller thermal time constant). 
Obviously, without consideration of the view factor, the thermal image in Fig- 
ure 7.56 could be erroneously interpreted as a typical example of very bad thermal 
insulation of the wall segment below the carport roof. 

The difference in thermal time constants of brick versus wood is also illustrated 
in Figure 7.57. It shows a wooden garden fence on a base of concrete and bricks, 
recorded shortly before sunrise. A typical wrong interpretation of such an image 
could be the assumption that heating pipes are below the fence. In reality, the gar- 
den fence cools down very quickly due to its low thermal mass. The base, however, 
can store much more thermal energy and cools down more slowly. The cooling 
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Figure 7.58 Influence of radiant night sky cooling and view factor on apparent wall tempera- 
tures (see text for details). 


time constants of objects can be estimated from their thermal properties [35, 43]. 
In the present case, for the base of the fence, one finds a cooling time constant of 
about 3h. 


7.4.5.4 View Factor Effects: The Influence of Neighboring Buildings and Roof 
Overhang 

Figure 7.58 presents another example of a possible erroneous interpretation of IR 
images if the view factor is not properly taken into account. The figure shows two 
neighboring houses. To the west of both houses there is no surrounding prop- 
erty, that is, there are only view factor contributions of the clear sky and of the 
flat ground, but none of warmer buildings. In contrast, the southern side wall of 
the more distant white house faces the house in the foreground of the VIS im- 
age. Therefore, its view factor contribution to the cold clear night sky and ground 
is strongly reduced and instead replaced by a contribution due to the warmer 
neighboring house. Therefore, this wall (ARO3) is warmer than the west-facing 
wall (ARO1) (it was checked experimentally that there is no influence of an angle- 
dependent emissivity on the thermal imaging results). 

The marked areas A02 and A04 in Figure 7.58 depict the effect of the roof over- 
hang on the radiant cooling rate. Just below the overhang (ARO2) the temperature 
is much higher owing to the strongly reduced radiant cooling. The decrease of the 
view factor for the cold sky in the upper region of the side wall by the overhang 
(AR04) also causes an area with a higher temperature level compared to the lower 
wall (ARO3). Just looking at such experimental results without thinking about the 
physics behind them can easily lead to misinterpretations of thermal images. The 
higher-temperature areas caused by reduced radiant cooling are often misinter- 
preted as thermal leakages. 

Another example of a possible misinterpretation of thermal images concerns 
the temperatures of the western walls of the two buildings. The measured wall 
temperature of the foreground house (AR0O5) is significantly higher than that of the 
background house (ARO1). This is caused by the different wall constructions and 
not by a different thermal insulation. The house wall exhibiting the higher temper- 
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ature (foreground house) consists of a brick wall on the outside, an air gap, and an 
insulated inner wall. Owing to the high thermal capacitance, the heat storage ca- 
pacity is large. The wall of the background house consists of a thin (2 cm) layer of 
plaster followed by thermal insulation and an inner wall. The thermal storage ca- 
pacitance of the plaster is much smaller than that of the brick wall. Therefore, the 
wall of this house exhibits a lower temperature at the surface if there is significant 
heat loss at the surface due to the radiant cooling. The measured temperatures 
do not represent the energy loss of the houses but rather the transient effect of 
cooling during the night after heating during the day (sun and air). 


7.5 
Windows 


731 
General Features 


Windows are among the most prominent features in any IR image of buildings, 
for two reasons. First, glass surfaces are usually very flat, providing excellent con- 
ditions for mirror images, that is, thermal reflections. Second, the connection of 
window frames to the building wall is critical with respect to thermal insulation. 
Figure 7.59 shows a schematic, very simplified view of a window frame attached to 
a building wall. Nowadays, double- and triple-pane windows are available with U- 
values that are quite low (Table 4.6); however, the critical energy loss comes from 
the frame. There may be associated problems, for example, bad insulation (hol- 
low space between frame and masonry incompletely filled with insulating foam) 
leading to airflow (red arrow) to the outside. In addition, the corner geometry of 
windows in their frames also represent geometrical thermal bridges. Therefore, 
window frames usually show up in thermal images. The important question is 
whether the associated temperatures are above or below the typical dew point 
temperatures. Therefore, a careful IR analysis from the inside of a building will 
always check window frames with regard to dew point temperatures. 

Figure 7.60a shows an indoor inspection of a living room window. It is a split 
window with a 120° wall corner angle. The most prominent feature is clearly the 
thermal reflection of the thermographer himself (for more details on thermal re- 
flections see Section 3.4.1.4). The most prominent feature regarding the quality 
of the window insulation is the cold spot in the upper corner between the two 


Good Bad 
insulation insulation 


Figure 7.59 Schematic view of a window 


Masonry Masonry and its connection to the building wall. 


7.5 Windows 


window parts. Figure 7.60b is an expanded view of this critical section. Owing to 
missing thermal insulation in the frame at the edge, the minimum temperature 
came to only 8°C, which is below the corresponding dew point temperature for 
50% relative humidity. This leak is relevant in terms of mold formation. 

Another example of bad thermal insulation in a window frame is shown for 
a skylight window within a tilted roof (Figure 7.61). For the same inside—outside 
conditions as in Figure 7.60, the lower right corner had an even lower temperature 
of only 7.3 K, clearly below the dew point temperature. The window often showed 
a wet frame after cold winter nights and was replaced. 

In contrast, Figure 7.62 shows an example of a large window front on the top 
floor of a house from outside as well as inside. Although the window frames clearly 
show up in the images, the inspection showed no problems. The features are due 
to the expected geometrical thermal bridges of the frame as well as the slightly 
lower U-values of the frames compared to the panes. The double-pane windows 
themselves are slightly warmer than the brick wall owing to their slightly larger 
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Figure 7.60 (a) Overview of living room window showing thermal reflections. (b) Expanded 
view of critical section. Conditions: outside air: 0 °C; inside air: 21 °C; and minimum at leak: 8 °C. 


Figure 7.61 Skylight window with bad ther- left is a 28 °C warm display of a digital ther- 
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mal insulation of frame. The lower corner mometer used to initially convince the con- 
edge had a minimum temperature of only struction workers that the IR images were 
7.3 °C, well below the corresponding dew showing correct temperatures. 


point temperature. The bright feature to the 
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Figure 7.62 Outside (a) and inside (b) view of a four-part window section on the top floor of a 
house for T, T, ~ 20K. 
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Figure 7.63 (a) Interior IR image of two window panes, showing quite different temperatures. 
(b) Exterior analysis of the same window. Part A was within sunshine, whereas part B was in the 
shadow of a neighboring building. 
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U-value (Table 4.6). Even close-up imaging of the window frames from inside re- 
vealed no problems, and frame temperatures were well above dew point temper- 
atures for lower inside temperatures. 

Shadows of neighboring buildings can also have a dramatic influence on the ap- 
pearance of windows in thermal images [44]. Figure 7.63a shows an indoor ther- 
mal image of two adjacent double-pane windows, A and B. Without considering 
the outside conditions (Figure 7.63b reveals that window B is in shadow), one 
might think that window B was defective, perhaps having a gas leak. However, the 
residual absorption of glass in the LW band caused a slight heating of window A 
upon solar irradiation. 

In contrast, Figure 7.64 shows a real gas leak of a double-pane window. Such in- 
sulating glass is usually filled with dry air (to avoid condensation) or special gases 
(mostly argon). The window part A in Figure 7.64 had a gas leak. As a conse- 
quence, the low U-value of the double-pane window must be replaced by larger 
U-values of two single-pane windows, which means that the corresponding glass 
surfaces will be colder from inside and warmer from outside. Besides the gas leak 
in the window, Figure 7.64 also shows an additional defect in the rubber gasket of 
the window frame itself (B). This could only be detected from the inside. In the 
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Figure 7.64 A gas leak (A) in a window detected using a combination of indoor (b) and out- 
door (a) thermography. Feature B is an additional defect in the rubber gasket. 
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Figure 7.65 Influence of differing view factor contributions of cold sky and warm nearby 
objects (measurement taken 4h after sunset). 


outside image, thermal reflections from the window frame overhang were domi- 
nating and hiding this thermal feature. 

A similar example with an apparently warmer strip below the roof is shown in 
Figure 7.65b. It results from reduced radiative losses (view factor effects) owing 
to the roof overhang. In addition, one clearly sees the effect of less insulation di- 
rectly above the windows owing to reduced thermal insulation within and around 
the roller shutter housing. Figure 7.65 shows an additional effect: the right-hand- 
side window reflects the night sky (IR recorded during night, VIS during day- 
time), whereas the left-hand-side windows reflects radiation from a neighboring 
building. Therefore, the various view factor contributions of night sky and warmer 
nearby objects differ, leading to a colder right window. Again, this has nothing to 
do with a badly insulated window. 

The left-hand part of Figure 7.66 shows vertical windows (areas A and B) anda 
skylight window (C). Owing to the different tilt angle of the windows with respect 
to the zenith, window C will undergo more night sky radiant cooling and is much 
colder. In addition, part B of the window on the left appears warmer owing to a 
reflection from the roof overhang. 

A final example of night sky radiant cooling on the appearance of windows is 
shown in Figure 7.67. 
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Figure 7.66 Two sections, A and B, of normal windows and skylight windows, C. Differences in 
temperatures are due to view factor effects of the night sky and the roof overhang. 
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Figure 7.67 Influence of a rolling shutter on the outside temperature of skylight window 
panes. The shutter on the skylight window on the right was opened right before the IR image 
measurement was taken at sunrise. 


It illustrates the use of rolling shutters for skylight windows to reduce the heat 
transfer due to night sky radiant cooling. A roof with two dual-pane skylight win- 
dows was analyzed. During a night with a clear sky, the rolling shutter on the 
left-hand side in Figure 7.67 was open and the right one was closed. The closed 
shutter of the right-hand-side window was then opened right before the IR image 
was taken (for the thermal imaging, a MW camera was used; for detailed infor- 
mation about temperature measurements at window panes with MW cameras 
see [44]). 

The temperature of the skylight window previously shielded by the closed roller 
shutter exhibits a higher temperature with a AT reading up to 5 K owing to the 
reduced night sky cooling. Consequently, the temperature difference between the 
inside and outside window pane temperatures is lower than for the other window. 
This causes less heat loss through the skylight window. One may conclude that 
shutters can indeed help to conserve energy, in particular in cold clear night sky 
conditions. 


7.5 Windows 


As discussed earlier, analyzing windows using IR cameras can be very interest- 
ing, and the thermographer may get quite excited if anomalies are detected. Here 
some caution is appropriate: the inhabitants of a house can feel like someone is 
watching them and even taking pictures through the window. They might even 
get angry if you look too closely at their bedroom windows. 


7.5.2 
Optically Induced Thermal Effects 


Besides thermal insulation problems due to frame defects or gas leaks in multiple- 
pane systems, windows can have additional thermal features that are due to opti- 
cally induced effects. Such features already arise for regular building windows [45, 
46], but they can become much more pronounced for skyscrapers [47, 48], where 
they can cause severe problems. 

Double-pane windows (Figure 4.11) consist of two glass panes separated by a 
volume filled with some inert gas. This inner volume is airtight. Therefore, the 
two panes are only parallel to each other if the outside/inside pressures and tem- 
peratures are the same as during manufacturing. 

However, whenever pressure or temperatures changes, the panes may deform, 
leading to either convex or concave surfaces (Figure 7.68). Owing to the glass re- 
flectivity, these shapes resemble curved mirrors, which may focus or defocus inci- 
dent light. Incident parallel solar radiation will become focused by one pane while 
being defocused by the other. If it is projected onto a given surface, complex im- 
ages will result. Since windows are usually rectangular rather than spherical, these 
images will usually not be spherically symmetric [45]. 

Figure 7.69a shows a close-up visible view of such a reflection on a neighboring 
building. A crosslike feature surrounded by an ellipse is observed on the bricks, 
the cross being due to focused radiation and the ellipse to the defocused part [45]. 
Focusing of radiation onto a wall leads to absorption and therefore heating up of 


Figure 7.68 Double-pane window for equi- solar radiation (black arrows) is reflected, giv- 
librium conditions with planar surfaces (a) ing rise to either parallel reflected rays (a) or 
and if deformed owing to external pressure focused and defocused rays (b). 

and temperature changes (b). Incident parallel 
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Figure 7.69 (a) Enlarged section of light focus owing to reflected sunlight from a single 
double-pane window on wall of a neighboring building. (b) Temperature distribution of fo- 
cal area owing to irradiation of the wall. 


the wall. In this case, a 2 K temperature difference was detected with a LW camera 
(Figure 7.69b). 

Although thermal effects due to an individual double-pane window are small, 
the effect of many windows could add up, in particular, if the wall with the win- 
dows is curved. Modern skyscrapers with glass fronts are nice to look at; how- 
ever, they are also excellent examples of potential troublemakers with regard to 
optically induced thermal problems. These can happen in particular if the curved 
shape is pointed southward (in the northern hemisphere) and if architectural glass 
with reflectivities higher than that of plain glass is used and covers most of the 
building envelope [47, 48]. In such a case, the now much larger curved reflecting 
area can indeed cause severe problems ranging from sunburn of people in the fo- 
cus to even melting of plastics on bags, in cars, and so forth. Some sensational 
stories in the media even reported on skyscraper death rays! 

The physics behind this phenomenon is similar to that of double-pane windows; 
however, skyscrapers usually have a more cylindrical symmetry. Figure 7.70a,b 
shows a problematic building in Las Vegas that made the phenomenon popular 
and a miniaturized model made of mirror foils. Figure 7.70c is an IR image of 
the optically induced heating of the wooden bottom plate of the model from nor- 
mal irradiation with sunlight. For the most unfavorable conditions, that is, the 
best achievable focus, the model showed huge temperature increases above 30 K 
within seconds and above 100 K within minutes depending on the materials and 
geometry used. It could have melted plastic and fried eggs! A computer model- 
ing analysis was able to explain peak irradiation values, which were up to a factor 
of 100 greater than regular solar irradiation. The problem exists only for certain 
geometries, times of day, and times of year for any given building [47]. It can also 
easily be avoided by choosing a proper orientation of the glass façade of the build- 
ing. 
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Figure 7.70 Curved glass front of a skyscraper (a), miniaturized model (b), and LW IR image of 
focus-induced heating of wooden bottom plate of model upon being irradiated by the sun (c). 


7.6 
Thermography and Blower-Door Tests 


No building is 100% airtight. The air exchange rate is a quantitative number that 
describes how much air is exchanged in a building per unit of time with regard to 
the volume of the building. For example, an air exchange rate of 3 means that air 
with three times the inside volume of a building is exchanged per hour. If all nat- 
ural openings in a building (windows and doors) are closed, air exchange will take 
place only through air leaks in the building envelope that could be, for example, 
small channels of missing insulation or fissures and crevices in seals of windows 
or doors, and so on. Figure 7.71 shows an example of an air leak within a wall 
socket in an exterior wall. The problem was due to missing thermal insulation in 
the wire channel and socket hole that could be easily resolved. Incoming cold air 
was flowing down and cooling adjacent parts of the wall and floor. 
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Figure 7.71 Leaks within a wall socket in an exterior wall leads to a steady flow of cold air, 
which flows downward and thereby cools the adjacent wall. 
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Figure 7.72 Blower-door technique for mea- the technique can be combined with ther- 
suring air exchange rates: a powerful fan cre- mography to locate leaks. The cold airflow will 
ates a pressure difference of typically 50 Pa. As lead to a temperature decrease at the corre- 

a consequence, cold air from outside is flow- sponding parts of the window frame, wall, and 
ing in through holes in the building envelope. soon. 

Besides measuring the volume flow at the fan, 


In such cases, that is, when air is streaming through channels, it is well known 
from aerodynamics and fluid dynamics that the volume flow through pipes or 
tubes depends linearly on the pressure difference on both sides (Hagen-Poiseuille 
law). This linear dependence of the air exchange rate is easily measured as a func- 
tion of pressure difference. Typically, a standard pressure difference of 50 Pa be- 
tween the inside and outside of a building is chosen for localizing leaks and giving 
standardized air exchange rates. The corresponding method is called the blower- 
door technique (Figure 7.72) [49]. 

A powerful fan is attached to a metal frame that can be adjusted airtight to 
any door opening. The fan can be operated at variable pressure differences to 
the outside atmospheric pressure, which is usually measured at a distance of at 
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least 10m from the building. Both higher and lower pressure is possible within 
the building, though mostly a lower pressure of 50 Pa is used. Once all windows 
and doors are closed, the resulting low pressure leads to the inflow of air through 
holes in the building envelope. Large airflows can often be detected by the skin. 
Alternatively, smoke sources were used from the inside or outside to visualize the 
airflow directly. However, the best visualization is possible with IR thermal imag- 
ing, provided that measurements are taken while large enough temperature dif- 
ferences exist between outside and inside air. This means that measurements are 
typically performed in winter (see Section 7.1.3 for precautions and requirements 
of thermal imaging of buildings). In this case, cold air is flowing into the building, 
thereby cooling parts adjacent to the leaks. The problem is that leaks often occur, 
for example, close to window frames or parts of a wall, or roof constructions that 
no matter what show up in IR images as thermal bridges. Therefore, the proper 
way of analyzing thermal images while applying the blower-door technique is to 
record images with and without a pressure difference and to subtract the IR im- 
ages [19]. Image subtraction is a simple image-processing technique (Chapter 3) 
that is commonly available in commercial camera software packages. The result- 
ing image only shows the additional changes induced by the airflow. A few exam- 
ples of blower-door thermal imaging are reported in the literature (e.g., [15, 50- 
53]). In what follows we will first give examples as close-up views and second as 
overview images to identify problem areas. 


7.6.1 
Close-Up Studies 


Paned front doors are fancy, but often their window frames are sources of thermal 
bridges. Figure 7.73 shows two IR images at ambient and reduced pressure. Each 
image alone shows geometry-based structures but make it impossible to deter- 
mine whether there are real leaks. Direct comparison of the two images seems to 
indicate an air leak at the door sealing, but it is not clear whether there are also 
leaks at the window segments of the door. The problem is solved by studying the 
subtracted image (Figure 7.73c), which clearly shows that there is only a sealing 
leak (B); the window panes are fine (A). 

The cause of air infiltration at the sealing was a gap with a dimension of around 
2mm between door gasket and door frame: the gasket had to be realigned. 

The next example, Figure 7.74 shows a window frame in the kitchen recorded at 
normal pressure (Figure 7.74a) and reduced pressure (Figure 7.74b). Both images 
reveal features around the frame that are more pronounced for reduced pressure, 
though. The visible image (Figure 7.74d) gives no hint as to these observed tem- 
perature anomalies. Figure 7.74c depicts the result of image subtraction of Fig- 
ure 7.74a,b. The temperature difference scale ranges from —1 to +1°C. 

The geometrical thermal bridges of the window frame are more or less absent 
in the subtraction image, and the residual features reflect real air leaks. Three 
different features are obvious, a leaky blind box (A), an improperly sealed opening 
into the blind box (B), and a tiny leak (C) due to a defective gasket. 
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Figure 7.73 IR images of a front door of a 
house, recorded at normal pressure (a) and at 
standard inside pressure lowered by 50 Pa (b). 
The subtraction of the two images (c) shows 
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Figure 7.74 IR images of upper part of 
a kitchen window with blind box above 
recorded from inside at normal pressure 
(a) and at reduced pressure of -50 Pa (b). 
The subtraction (c) visualizes three prob- 
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that window feature A causes no problems, 
whereas the sealing air leak B is relevant. Sta- 
tionary conditions are Tinside = 23°C and 


Toutside = 13°C, MW camera 320 x 240 pixels. 


(d) 


lems: a leaky blind box (A), a badly sealed 
opening into the blind box (B), and defec- 
tive gasket (C). These were not obvious in the 
visible image (d). Conditions: Tinside = 23°C, 
T = 13°C, MW camera. 


outside 
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Figure 7.75 shows a typical feature/problem of blower-door image analysis for 
another window. It depicts again IR images at normal (Figure 7.75a) and reduced 
pressure (Figure 7.75b). At reduced pressure (Figure 7.75b) an air leak (A) due toa 
defective seal tape between brick wall and wooden material is obvious. Of course, 
it also shows up in the image subtraction (Figure 7.75c) but not in the visible im- 
age (Figure 7.75d). The subtraction image offers higher sensitivity and also detects 
the smaller air leak B due to a defective gasket. However, Figure 7.75c also reveals 
a problem that is commonly encountered when using image subtraction with the 
blower-door technique: surprisingly the subtracted image shows not only air leaks 
but also, and perhaps unexpectedly, the plant leaves. The solution to this puzzle is 
quite easy and of practical origin: during a blower-door analysis, one first records 
IR images at normal pressure and then turns on the fan. After waiting for equi- 
librium to establish, one starts the IR analysis for reduced pressure. This means 
that there is always a time difference between the recordings of the two images. 
In the present case it was about 30 min. During this period, ambient conditions 
change and the plant leaf temperature increases. As a result, the leaves show up 
as unexpected additional structures. 

Artifacts of this kind can of course be minimized by reducing the time between 
the two images, but there will always be a residual time limit imposed by practi- 
cability. 
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Figure 7.75 IR images of a window in the sun 
porch recorded from inside at normal pressure 
(a) and at reduced pressure of minus 50 Pa 

(b) with a recording time difference of 30 min. 
The subtraction (c) visualizes a defect seal 


tape (A), a defective gasket (B), and in particu- 
lar the influence of recording time difference 
on the subtraction image. The visible image 

is shown in (d). Conditions: T. = 22°C 
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Figure 7.76 Subtraction images of trapdoor from the same position) show defective gas- 
to cold roof attic (normal pressure and re- kets (left line shapes) and leakage due to a 
duced by 50 Pa) in winter with T,, =22°Cand screw connection (pointlike feature in lower 
Tattic = 2°C (a) and summer with T,, = 24°C right corner), however, either as cold or warm 
and Toric = 34°C (b) as well as visible image features. 

(c). Both subtraction images (more or less 
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A final close-up view example is shown in Figure 7.76. It depicts a trapdoor 
(used for inspection purposes) from the residential area of a house to the ther- 
mally insulated attic. The roof of this house was built without thermal insulation 
as a so-called cold roof, that is, the attic should be sealed airtight. The blower- 
door technique was used to check the thermal insulation and air tightness of the 
trapdoor. Owing to this construction, large temperature differences between the 
residential area and the attic are expected in summer as well as winter. Therefore, 
leakages may be visible due to either colder (winter) or warmer (summer) regions 
in the subtracted images. 

Figure 7.76a shows the subtraction of two IR images at normal and reduced 
pressure in winter (AT = 20K), and Figure 7.76b shows the same in summer 
(AT = 10K). Both images reveal tiny air leaks due to defective gaskets (A) and 
a bad screw connection in the door frame. 

The detected temperature differences are small, and these tiny leaks are not 
critical for energy loss, but in summer, the warm wet air infiltration from the resi- 
dential area to the attic under normal pressure conditions may lead to mold prob- 
lems. 
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7.6.2 
Overview Studies 


Figure 7.77d shows a visible image of a room in a penthouse with the pitch of the 
roof. The most prominent features are two skylights and the rafter at the roof edge. 
The IR image (Figure 7.77a) was recorded at normal pressure. The fan was then 
operated to reduce the inside pressure, and the image in Figure 7.77b was recorded 
at a pressure difference of 50 Pa to atmospheric pressure. Obvious differences are 
present. However, as mentioned earlier, all window frames already have typical 
edge structures due to thermal bridges. To find the effects solely due to the airflow, 
one needs to subtract the two images, as shown in Figure 7.77c. 


Emis:1.00 Range:-59.3..220.6 °C  Zoom:1.0/1.0 Date:22.12.97-09:22:23 L „o | Emis:1.00 Range:-59.3..220.6°C — Zoom:1.0/1.0 Date:22.12.97-09:26:16 


(a) (b) 


Emis:1.00 Range:-140.0..139.9 °C Zoom:1.0/1.0 Date:22.12.97-09:26:16 


(c) 


Figure 7.77 Visible (d) and thermal images traction of the two upper images. Thermal 
(a,b) of a room in a penthouse with roof pitch. images were recorded with a LW NEC TH 3101 
Images were recorded at normal pressure camera (256 X 207 pixels, HgCdTe detector). 
(a) and at an inside pressure lowered by 50Pa Images courtesy Christoph Tanner, QC-Expert 
(b). The lower IR image (c) results from sub- AG. 
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Figure 7.78 Visible (d) and thermal images (b). The lower IR image (c) results from sub- 

(a, b) of roof section of upper floor of house. traction of two upper images. Thermal images 
Images were recorded at normal pressure were recorded with FLIR 6200 camera. Images 
(a) and at an inside pressure lowered by 50Pa courtesy Christoph Tanner, QC-Expert AG. 


The air leaks become visible instantaneously: they are most pronounced at the 
left edge of the left window and the right edge of the right window and partially 
also at the lower part of the rafter. 

Another set of IR images of the roof area of the upper floor of a house is shown in 
Figure 7.78. The most prominent features in these images are the rafters, the ridge 
at the rooftop, and the upper part of a round arc window. Similar to Figure 7.77, 
Figure 7.78a was recorded at normal pressure and Figure 7.78b at a reduced pres- 
sure of 50 Pa below atmospheric pressure. The subtracted image (Figure 7.78c) 
proves that the roof itself is fine, whereas the connection between the roof and 
wall has leaks all along the edge. Similarly, the ridge connection to the wall has 
problems related to airflow. In addition, the window frame and window middle 
seal show air leaks. 

All of these examples clearly demonstrate the usefulness of the blower-door 
technique when combined with thermal imaging: only the areas with air leaks are 
visualized. 
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7.7 
Quantitative IR Imaging: Total Heat Transfer through Building Envelope 


So far, thermography has mostly been used in building diagnostics to qualitatively 
locate thermal bridges and interpret them in terms of air leakages, geometrical 
effects, missing insulation, design flaws, moisture problems, and so on. It is then 
more or less a matter of experience to directly judge the importance of any de- 
tected thermal signatures with respect to their being energy relevant or even rel- 
evant concerning building damage. In many cases, quantitative analysis means 
at most that the measured surface temperatures are usually compared to corre- 
sponding dew point temperatures in order to judge whether problems might arise 
with mold or condensation. Of course, this difficulty in direct quantitative analy- 
sis is due to the possibly large variety of building types, wall constructions, and so 
on. Obviously, it would be highly desirable to use thermography to directly and 
quantitatively judge the heat transfer rates through building envelopes. 

As shown in Section 4.3.3, heat transfer through any composite wall may be de- 
scribed bya single number, the so-called U-value in Europe or its reciprocal value, 
the R-value (R = 1/U) in the United States. The U-value is given in W (m? K)! 
and describes the amount of energy per second that is transmitted through a sur- 
face of 1 m? through a wall under steady-state conditions if the temperatures on 
both sides of the wall differ by 1 K. Hence, the overall heat transfer rate (in W) 
through a wall of area A and a temperature difference AT is given by 

oC su-a-ar=(4)-a-ar (7.10) 
dt R 

Note that the R-value is often not given in SI units, m” K W7}, but in the old (and 
internationally totally uncommon) units, ft? F/(BTU/h). In the following sections 
we will use 1/U when referring to the R-value because the thermal resistances are 
also usually abbreviated by the symbol R. 

These values (U or 1/U) are easily calculated from the respective heat con- 
ductivities of the building materials assuming a standard convection coefficient 
for the outside wall (Section 4.3.3). Therefore, architects must promise that new 
buildings will at least satisfy the requirements for L/-values given by the corre- 
sponding national regulations. However, until recently, it was very difficult to di- 
rectly measure these values. The situation changed when Madding proposed a 
simple method based on IR thermal imaging to directly evaluate the R-values for 
exterior wall segments [54]. Meanwhile, other similar studies have been reported 
(e.g., [55, 56]). The good news is that this method has been tested for a few stan- 
dard wall constructions and so far seems to be successful and reliable. The draw- 
back is that a user cannot just hit a button on the camera and get the results; rather, 
some background knowledge is needed for a correct measurement and analysis. 
In what follows, the idea behind the method is briefly described. 
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According to the definition given by Eq. (7.10) (see also Figure 4.9), the R-value 
can be written 


1 = A: AT inside—outside (7 11) 


u Ó 
Therefore, we need to know the area A of a wall, the temperature difference 
AT in-out between inside and outside air (easy to measure), and the total heat trans- 
fer rated Q/ dt through the wall. The latter is the same, however, anywhere within 
the wall since the energy that flows from inside to outside must pass through all 
components of the wall, which is in steady state. Therefore (Eq. (4.9)), 

5 — A T; _ T inside,air a Toutadesie 


ġ- i - (7.12) 


i total 


where AT; and R, denote any selected temperature drop owing to the correspond- 
ing thermal resistance (Section 4.3.3) and Rota] the total thermal resistance across 
the wall. Obviously, one just needs to know the thermal resistances to calculate 
the heat transfer from temperature measurements alone. Madding proposed the 
use of the thermal resistance between the inside room temperature and the inside 
wall surface temperature to calculate the heat flow. The argument can be summa- 
rized as follows. 

The heat transfer between the inside wall surface and the surroundings inside 
the room is due to radiation and convection. Both contributions are theoretically 
well known. The heat transfer rate due to radiation is given by 


; = . . . 4 — 4 
Qrad =e. 0A ( T aide weal Te sates) (7.13) 
where Tinside,surr 1S the temperature of the inner surfaces of the room. It is assumed 


that these inner surfaces act as a large thermal reservoir (no change in tempera- 
ture) and thus serve as the reference temperature. In thermography, this temper- 
ature is also known as the apparent reflected temperature. As shown in Chapter 4, 
Eq. (7.13) can be linearized for small temperature differences to give 
Qag=4e:o-A-T? (T, 


mean inside,wall — 


T, 


taside sure) 


(7.14) 


where T mean is the average temperature (1/2) - (Tinside,wall + Tinsidesurr)* 

The heat transfer rate between the inside wall surface and the air inside the 
room due to convection is given by 
-A-(T, T 


inside,air inside,wall) 


(7.15) 


Qeonv = conv 


where eony is the convective heat transfer coefficient. 
Combining Eqs. (7.11), (7.14), and (7.15), one finally arrives at 


1 = T yriside air HE T outside,air 
— 4e-o- TÈ? - = ; a 
u 4e- 0 TS an (T'inside,wall Tinsidersure) t Č conv (Tinside,air Tinside,wall) 
(7.16) 
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Equation 7.16 is the basis for determining the R-value R = 1/U of a wall; it would 
be even more straightforward to use the nonlinear relation Eq. (7.13) rather than 
Eq. (7.14). One needs to know combinations of the following quantities: 


E emissivity of wall 

o Stefan—Boltzmann constant 5.67 - 1078 W (m? K4)! 

ony convective heat transfer coefficient 

T inside atv inside bulk air temperature (distance from wall large enough such 
that T = const) 

T sutsiae.aié outside bulk air temperature 

Tynsiae, wall inside wall surface temperature 

T inside reflected apparent temperature, that is, temperature of inner sur- 
faces of room 

T pean average temperature (1/2) ` (Tiinside,wall + Tinside,surr) 


Three temperature differences and one mean temperature value need to be 
measured with thermography. Bulk air temperatures can be measured by plac- 
ing a piece of cardboard at a safe distance (e.g., 0.5 m) from the walls, wait until 
thermal equilibrium is established, and then measure the surface temperature of 
the cardboard. The inside wall temperature is directly measured with the camera. 
One may use a trick to measure the reflected apparent temperature by crumbling 
a piece of aluminum foil in an area large enough to be spatially resolved by the IR 
camera. This piece can be attached to the cardboard (at a safe distance from the 
wall) used for measuring the inside air temperature. The foil has very low emissiv- 
ity and is strongly reflecting (however, it is diffuse due to the crumbling). There- 
fore, the measured temperature from the foil directly yields the temperatures of 
the inner walls. By measuring AT values for interior wall surface to interior bulk 
air and to the reflected apparent temperature in a single IR image, one reduces 
measurement uncertainty significantly. Using the same IR camera to measure the 
bulk outdoor air temperature has a similar advantage. 

Besides the temperatures and the emissivity, one needs to know a,,,,,. This is 
probably the most critical input parameter since such coefficients depend on the 
airflow conditions (laminar vs. turbulent) and the actual temperature difference 
between wall surface and the air. Fortunately, one may safely assume laminar flow; 
nevertheless, different formulas are known. Typical values of & sony for inside walls 
are on the order of 2—8 W (m? K)71. 

Further, steady-state or near-steady-state conditions are crucial, that is, the in- 
side to outside temperature difference should be stable, and the outside walls 
should not suffer solar or wind loading. In addition, the inside walls must be free of 
pictures and other objects, avoiding any additional thermal insulation. The tem- 
perature differences between inside air and inside wall, as well as inside wall to 
inside surroundings, can be very small (e.g., 0.3 K for good insulation and up to 
6 K for bad insulation). To test for good insulation, the IR camera should therefore 
have a low NETD of less than 50 mK. Cameras with much larger NETDs are not 
suitable. 
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Madding successfully measured the R-values of stud frame constructed houses 
including laboratory models [54] and structural insulated panel as well as insu- 
lated concrete form wall constructions [55]. He showed good agreement with 
measurement deviations amounting to less than 5% and less than 12% compared 
to values calculated by summing the R-values of materials used in construction. 
The latter differences are also influenced by uncertainties in stated material R- 
values compared to actual as-built conditions. The biggest problem in experimen- 
tally estimating U-values is studying the measurement under only near-steady- 
state conditions because external ambient conditions can vary significantly over 
time. 


7.8 
New Developments and Conclusions 


As one of the most popular applications of thermal imaging, building diagnostics 
is a well-developed field. Nevertheless, some recent developments have potential 
new applications in the field. 

These include active thermography applications, for example, lock-in or pulse 
thermography with artificial [57] or natural [37] light sources to study cultural 
heritage buildings. Another new approach is called time lapse thermography and 
uses time lapse sequences of IR images of up to several days (similar periods were 
observed in studies of lock-in thermography with solar load [37]) with, for ex- 
ample, 30 min intervals between images to detect defects in building construc- 
tion [58]. In a differently motivated study, thermography was used to study the 
more subjective comfort conditions in office-type environments [59]. 

Finally, we want to discuss a bit more extensively an interesting development re- 
garding the energy efficiency of buildings and the prevention of surface damage. 
The walls of private homes and office buildings are often covered with colorful 
paints. In the past, these paints were chosen mostly for aesthetic reasons. Unfor- 
tunately, many dark colors often absorb a lot of solar radiation and heat up effec- 
tively, meaning there is a strong thermal input into building walls in summertime. 
On the one hand, this may lead to increased cooling needs for the building inte- 
rior; on the other hand, high surface temperatures can damage plaster, by forming 
cracks, or insulation materials below. Part of the problem can be solved by cre- 
ating selectively absorbing and reflecting paints in the VIS and NIR region of the 
solar spectrum. Selective absorbers are well known in the field of solar collectors, 
and it was just a matter of time until paint producers also offered corresponding 
selective paints for the building industry with high-NIR reflection to reduce the 
thermal load. Several groups working on this topic have independently carried 
out relevant studies [60—63]. 

The industry calls the corresponding selectively absorbing/scattering paints to- 
tal solar reflectance (TSR) paints. As stated by one manufacturer (e.g., [64]), they 
should primarily reduce the solar load and thus prevent the plaster from heating 
up above 70°C, which could cause damage in the form of cracks or the deforma- 
tion of lower insulation materials. 
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Figure 7.79 Reflection spectra of various paints on plaster. Although the two pink paints look 
similar in the VIS range, they behave quite different in the NIR. 


Figure 7.79 depicts reflection spectra for three wall paint samples in the spectral 
range of maximum solar load from the UV to the NIR. The first sample is simple 
white plaster, the second a regular dark pink wall color on white plaster, and the 
third a visually very similar looking special pink TSR color, again on white plaster. 

The white and regular pink color samples are opaque (transmission T = 0), i.e. 
absorption A = (1 — R), see Eqs. (1.28a) and (1.28b). The TSR color alone can, 
however, have high NIR transmission and A = (1 — R — T). Up to a wavelength 
of 650 nm, the two pink colors show more or less the same absorption, that is, 
visually they are perceived as the same color. In the NIR however, the TSR paint 
has a much higher transmission, that is, much lower absorption. The radiation 
penetrates the pink TSR paint and is reflected from the opaque underlying white 
paint layer. This results in the overall high reflectance of the TSR paint seen in 
Fig. 7.79, which closely resembles the one of the white paint. A wall painted with 
such a color should therefore not heat up appreciably. 

It is obvious from the spectra that a house covered with just white plaster or 
white painted plaster with a spectrum as shown in Figure 7.70 would always allow 
for the best heat management. It would always absorb less (reflect more) than any 
colored regular paint and hence heat up less. Therefore, houses in hot climates 
should preferably use white paint. If this is not desired for aesthetic reasons, one 
should at least use TSR paints. 

Of course, the heating also depends on wall structures. If the paint is only on 
a thin layer of plaster on top of low-thermal-conductivity insulating material, the 
heating effect will be very pronounced, whereas if it is on a material with better 
thermal conductivity or on a thicker layer with larger thermal mass, the effect will 
be smaller. 

For field studies, a 0.6 x 1.2 m? large sample of an outer wall, that is, 0.7 cm plas- 
ter on a 7.3 cm insulating material was prepared whose top surface was covered 
by about 0.1 mm regular paint as well as TSR paint of the same visual color. Fig- 
ure 7.80a shows a VIS photo of this sample leaning against the wall of a building 
covered with a regular rather dark black paint. 
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Figure 7.80 Examples of split paint probe in front of a building with regular paint. (a) VIS, 
(b) NIR image, and (c) SW IR image. The NIR and SW IR images show the differences in reflec- 
tion. 


Figure 7.80b depicts a NIR camera image of the same scene. It was recorded 
with a modified VIS camera acting as NIR camera detecting radiation in the range 
between 830 and 1100 nm (Chapter 6). Upon solar radiation it is obvious that the 
top part of the sample is covered by the TSR paint, which appears quite bright 
(strong reflection), whereas the lower regular paint is much darker. In comparison 
to these two samples, the painted black wall appears quite dark, which indicates 
that it is a regular paint that does not reflect a lot in the NIR. This also shows 
up in the SW IR image of a commercial camera operating from 0.9 up to 1.7 um 
(Figure 7.80c). 

Another example — this time of a house wall covered by a TSR paint — is shown 
in Figure 7.81. The VIS image Figure 7.81a shows the model leaning against the red 
painted house wall. Figure 7.81b depicts the SW IR image clearly again showing 
the strong scattering by the topmost TSR paint and much lower reflectance from 
the bottom regular one. In contrast, the house wall appears quite bright, that is, 
its paint is strongly scattering in the NIR, leading to an elevated NIR reflectance. 
Finally, Figure 7.81c shows a LW IR image of the same scene after the house wall 
has been in sunshine for several hours and the model for at least 30 min (which 
is sufficient to reach thermal equilibrium as was tested in the lab). As expected, 
the TSR paint of the model as well as of the house wall has led to lower solar 
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Figure 7.81 Examples of split paint probe in front of a building with a TSR paint. (a) VIS, (b) NIR 
image, and (c) LW IR image. The NIR shows the differences in reflection that manifest them- 
selves in a lower temperature of the wall similar to the TSR-painted model wall segment. 


absorption, so they are cooler than the regular paint model. It can be expected 
that more studies along these lines will be done in the near future. 

In conclusion, building thermography is probably the most popular field in IR 
thermal imaging; however, it is not the easiest with regard to quantitative analysis, 
and it is often even difficult to extract useful qualitative information. As discussed 
earlier, several external factors are important such as wind, solar load, shadows, 
moisture, view factors, and night sky radiant cooling. If outdoor thermography is 
needed, the following are the best rules: avoid solar load, that is, measure at night; 
avoid transient effects due to night sky radiant cooling, that is, cloudy nights are 
better than clear nights; try to avoid transient effects due to large temperature 
fluctuations of buildings, that is, it is best to measure after a cloud-covered night 
that followed a cloud-covered day; and avoid rain and wind. 

Knowing all the problems, we finally return to the example of Figure 7.1, dis- 
cussed at the beginning of this chapter. The mentioned comment that the red 
color indicates where this building is losing energy is probably absurd. The large 
signal from the roof section can only be understood if it is a tilted roof, probably 
directly exposed to the sun. The solar load leads to the absorption of energy in 
the roof tiles, heating it up considerably. If an image is taken with a MW camera, 
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there may also be an appreciable amount of direct solar reflections involved. Ow- 


ing to differences in view factor, the solar-load-induced warming of the walls is 
lower compared to the roof (vertical wall, tilted roof). This solar load wall heat- 
ing also explains why the windows seem colder than the wall. Usually, owing to 


U-values, it should be the other way around. 


The fact that the basement and first-floor windows show different temperatures 
is most likely due to the fact that the basement was heated but the first floor was 
not heated. This outdoor IR thermal image is absolutely useless, unless one wants 


to indicate all possible errors in one’s interpretation of IR images. 
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Chapter 8 
Industrial Application: Detection of Gases 


8.1 
Introduction 


In most applications of infrared (IR) thermal imaging, the IR radiation from ob- 
jects to be studied passes through gases before reaching the camera detector. The 
most common gas is air, and therefore IR absorption features of atmospheric air 
are important for any quantitative analysis using thermography (Section 1.5.2). 
The most prominent spectral absorption features in the range of commercial IR 
cameras are due to water vapor and carbon dioxide (Figure 1.45), and therefore 
relative humidity and object distance are needed as input parameters to correct 
for transmission losses between the object and the camera. 

In this chapter, we want to focus in more detail on the influence of gaseous 
species on IR imaging. After a short introduction to spectral features of gases in 
general, we focus on absorption, emission, and scattering of radiation by molecu- 
lar gases due to rotational—vibrational excitations in the thermal IR spectral range. 
These lead to changes in detected IR radiation from objects passing through gases. 
Although a quantitative description is difficult, qualitative and semiquantitative 
applications are possible, which has led to the development of commercial qualita- 
tive gas-detecting cameras. Nowadays, thermography is an established commer- 
cial technique for detecting leaks of volatile organic compounds (VOCs), refriger- 
ants, sulfur hexafluoride, ammonia, carbon monoxide, and, recently, carbon diox- 
ide. The corresponding industrial topics are known as optical gas imaging (OGI) 
and leak detection and repair (LDAR). The influence of atmospheric absorption 
and scattering on the range of IR cameras is a related topic that is discussed in the 
context of surveillance systems (Section 10.9). 


8.2 
Spectra of Molecular Gases 


One of the most prominent manifestations of atomic physics in optics is the obser- 
vation of absorption or emission of radiation. In the visible spectral range, an illus- 
trative example is shown in Figure 8.1a depicting the Fraunhofer lines in the solar 
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Figure 8.1 German stamp illustrating famous Fraunhofer absorption lines in spectrum of sun 
due to electronic excitations in atoms (a) and scheme of electronic excitation and deexcitation 
in atoms (b). 


spectrum. They are a result of absorption of solar radiation in the outer atmo- 
sphere of the sun owing to the presence of colder elemental gases. In atomic the- 
ory, a ladder of possible energy levels of atoms can be computed. Absorption (ex- 
citation) or emission (deexcitation) of light corresponds to electronic transitions 
between two of these levels. While changing the energy level, the electron charge 
distribution around the atomic nucleus changes, too, as shown in Figure 8.1b. 

Most electronic excitations of atoms and of molecules are in the ultraviolet or 
visible spectral range. Therefore, electronic excitations are only of minor impor- 
tance when considering the influence of gaseous species in the thermal IR with 
wavelengths ranging from 1 to 14 um. This spectral range is, however, the region 
of spectroscopic fingerprints of thousands of molecules owing to vibrational and 
rotational excitations. 

The easiest molecules are diatomic. Molecules composed of two atoms of a 
kind (e.g., Nj, O) are called homonuclear molecules, whereas those composed of 
different atoms are heteronuclear molecules (e.g., NO, CO, HCl). In addition to 
electronic excitations, molecules can exhibit vibrations and rotational excitations. 
Figure 8.2 shows a schematic view of the vibration and rotations of a diatomic 
molecule. In a semiclassical description, the two atoms of the molecule can be 
considered to be connected by a spring (Figure 8.2a) whose spring constant de- 
termines the oscillation frequency (in introductory mechanics, the oscillation of 
a mass m attached by a spring (spring constant K) to some fixed mount is given 
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Figure 8.2 Vibration (a) and rotations (b) of a diatomic molecule. 


by œ = (K /m)!/?). In addition, the molecule may rotate around the two axes, per- 
pendicular to the chemical bond. From quantum mechanics, it is known that with 
each of these possible movements — vibration as well as rotation — energy lev- 
els are associated similar to those of the electronic excitations from Figure 8.1b, 
but with much lower energy separation. In particular, the vibrational frequencies 
of many molecules lie in the thermal IR spectral range and are important for IR 
imaging. 

Whether vibrations of molecules can lead to absorption of IR radiation depends 
on so-called selection rules. The most important rule is that the electric dipole 
moment of a molecule must change during a vibrational excitation if IR radia- 
tion is to be absorbed. An electric dipole consists of two opposite charges sepa- 
rated by a distance d. Each heteronuclear diatomic molecule resembles such an 
electric dipole, since different atoms have different abilities to attract the electron 
cloud around the nucleus. For example, in a HCl molecule, the electron charge 
from the hydrogen atom is more strongly attracted by the chlorine atom, which 
means that, overall, the chlorine end of the molecule has more negative charge and 
the hydrogen end more positive charge. In this case, the molecule has an electric 
dipole moment defined by the charge times the bond length. If the bond length of 
this molecule increases and decreases periodically during a vibration, the dipole 
moment also changes periodically, that is, heteronuclear diatomic molecules may 
absorb IR radiation. 

In contrast, homonuclear diatomic molecules like N, and O, do not have a 
dipole moment initially, and hence there can be no change in dipole moment dur- 
ing a vibration of the molecule. Therefore, such gases are not able to directly ab- 
sorb thermal IR radiation. This is, of course, very good for life on earth: ifthe main 
constituents, oxygen and nitrogen, absorbed IR radiation, the earth’s atmosphere 
would resemble a gigantic greenhouse, which, like the greenhouse planet Venus 
(atmosphere with 96.5% of the greenhouse gas CO,), would have temperatures 
well above the boiling point of water, making human life impossible. 

The next simple kind of molecule is triatomic molecules. They present a new 
possibility: the molecules can be either linear or nonlinear. As an example, con- 
sider H,O and CO, molecules, which act as greenhouse gases in the atmosphere. 
Figure 8.3 schematically depicts the fundamental vibrational modes possible for 
these triatomic linear (CO,) and nonlinear (H,O) molecules (after [1]). Besides 
vibrations, each molecule can also have two (CO,) or three (H,O) modes of rota- 
tional motion, as indicated by the axes (broken lines) in Figure 8.3. 
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Figure 8.3 Examples of vibrational modes find the wavelength in micrometers, divide 
of linear (CO,) and nonlinear (H0) triatomic 10000 by the wavenumber in cm~!. Example: 
molecules. Oscillation frequencies are often 10000/2349cm7! = 4.26 um. 
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Figure 8.4 Survey spectra of H,O vapor of Figure 8.3. If CO, spectra are recorded at 
(a) and (b) CO, vapor over a path length of a higher resolution, each absorption feature 
10 cm as a function of wavelength. The fea- is further split into a multitude of individual 


tures reflect the IR active vibrational modes absorption lines (Figure 8.10). 


Applying the dipole moment rule to the four vibrational modes of CO,, it is 
obvious that the mode for à = 7.5 um cannot be excited by the absorption of IR 
radiation since CO, is asymmetric molecule that does not have a dipole moment 
at rest (small negative charges at the ends, small positive charge at center > two 
dipoles cancel each other). Therefore, a breathing-type oscillation (top vibration 
in Figure 8.3a) cannot change the dipole moment. In contrast, modes where the 
oxygen and carbon atoms move out of the linear geometry lead to a finite dipole 
moment, and so these modes can absorb IR radiation. Water molecules, on the 
other hand, can absorb IR radiation with all three possible fundamental oscilla- 
tion modes. Figure 8.4 depicts the corresponding IR absorption spectra of water 
and carbon dioxide molecules. The spectra reveal quite complex shapes, since, in 
reality, vibrations are coupled to rotational excitations, and therefore one usually 
speaks of rotational—vibrational bands. 
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Figure 8.5 Survey spectra of methane (CH,, and 10 um (these and other spectra only indi- 
high resolution) (a), (author's own FTIR mea- cate the resonance positions; for quantitative 
surements) and octane (C,H,,, low resolution) information about concentrations, see, for 
(b), after NIST (National Institute of Standards) example, [2]). 

data, as a function of wavelength between 2 


Obviously, the situation for triatomic molecules is more complex than the one 
for diatomic molecules. Molecules with four atoms exhibit another possibility: 
geometrically they can be linear (C,H,), planar (SO3), or even three-dimensional 
in shape (NH3). If more atoms are added, the molecule usually has a three- 
dimensional shape. For example, methane (CH,) has a tetrahedral shape with the 
C atom being in the center and the hydrogen atoms at the four corners. 

In general, a molecule composed of N atoms has 3N different ways to store 
energy (also called degrees of freedom). Three ways are the kinetic energies in the 
three directions of space. Then molecules can rotate around two axes for linear 
molecules (Figure 8.3) or around three axes for nonlinear molecules, giving two 
or three additional ways to store energy (the rotation around the bond axis of 
linear molecules is forbidden according to the quantum mechanical treatment; in 
the semiclassical description, the necessary excitation energies would be way too 
large). This finally gives either 3N-5 (linear) or 3N-6 (nonlinear) different ways to 
store energy in vibrations, respectively. For example, triatomic molecules (N = 3) 
can have four vibrational modes like CO, or three vibrational modes like H,O. 
A molecule like methane with N = 5 atoms will therefore, in principle, have nine 
different vibrational modes and larger molecules will have even more. 

Fortunately, the respective IR spectra are, however, still very simple (eg., 
methane and octane spectra in Figure 8.5). Although methane should have 9 
different vibrational modes and octane even 72 different modes, the spectra look 
astonishingly simple and — since both belong to the same group of simple hydro- 
carbons with single bonds — even similar. 

The spectrum for methane may be understood in the following way: as a tetra- 
hedron, methane is a very symmetric molecule, so some of the modes that resem- 
ble so-called breathing modes cannot be excited (no change in dipole moment). In 
addition, the symmetry forces some of the allowed modes for IR excitation to lie 
very close to each other and some of them may be suppressed by other quantum 
mechanical selection rules. 
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Obviously, the larger the number of atoms in a molecule, the larger the number 
of possible vibrational modes. But why does the octane spectrum from a mole- 
cule with 26 atoms look so simple and even similar to the one from methane, in 
particular concerning the spectral feature around À = 3.3 um? As a matter of fact, 
many different kinds of organic hydrocarbon molecules (spectra in Appendix 8.A) 
show similar spectral features around the wavelength range of 3.1 to about 3.5 um, 
which by the way also explains the success of commercial cameras for detecting 
these species. 

Each absorption feature in a spectrum corresponds to a specific vibrational ex- 
citation of the molecule. The interactions of the various vibrations with each other 
and with rotations can lead to very complex spectra, however, with very charac- 
teristic spectral features. According to the foregoing discussion on diatomic mol- 
ecules, the vibrational frequency depends on the “spring constant,” that is, the 
strength of the chemical bond between the two atoms and their masses. There- 
fore, if a molecule has atom pairs with different chemical bonds (e.g., single, dou- 
ble, or triple covalent bonds or bonds of different strengths), vibrations between 
adjacent atoms will take place at quite different frequencies [1, 3]. This allows us 
to characterize a complex molecular spectrum in terms of the vibrations of some 
of its constituent atomic pairs. For example, the spectral regions due to C-H, 
C-C, C-O, C-N bonds, and so on are quite well separated in a spectrum, since 
the mass of the carbon atom partner changes appreciably (the larger the mass, the 
lower the oscillation frequency, that is, the larger the wavelength [1]). 

All simple hydrocarbons, for example, octane, have two different functional 
groups within the carbon chain, CH, groups in the middle of the chain and CH, 
groups at the ends of the chain. Some other hydrocarbons have CH groups only. 
Owing to the similarity of the molecules, these functional groups dominate the 
spectral features by their various stretching and bending vibrational modes. In 
particular, the stretching modes of the CH, CH,, and CH, groups contribute con- 
siderably around wavenumbers between 2800 and 3000 cm7!. In addition, defor- 
mation modes (bending vibrations) give rise to spectral features around 1300- 
1500 cm7!. This explains why quite different molecules (methane and octane) ex- 
hibit similar spectra. The same holds for numerous other hydrocarbon species 
(spectra in Appendix 8.A). These similarities are utilized in IR thermal imag- 
ing of gases, which uses a broad spectral region (see subsequent discussion) for 
mostly qualitative analysis. However, it should be emphasized that the spectra of 
these different molecules, though similar, differ enough from each other that high- 
resolution detection makes it possible to clearly identify each molecule separately 
via its spectroscopic fingerprint. In this respect, high-resolution IR spectroscopy 
is an important quantitative tool in gas detection as well. 

In Appendix 8.A, we present a selection of IR spectra of inorganic as well as or- 
ganic gases (Table 8.A.1). Some of them were recorded with conventional prism or 
grating spectrometers, others with Fourier transform IR spectroscopy (FTIR) [4, 
5]. These spectra indicate which IR camera may be used for the detection of a spe- 
cific gas. The commercial cameras only operate in a narrow predefined spectral 
band, whereas research cameras with exchangeable filters allow the detection of a 
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larger variety of species. More information on spectra can be found, for example, 
in [2]. 


8.3 
Influences of Gases on IR Imaging: Absorption, Scattering, and Emission of Radiation 


8.3.1 
Introduction 


For many years, gases in IR imaging were restricted to being the medium through 
which the IR radiation of objects was transmitted before reaching the detector of 
the camera. Therefore, gases should neither absorb nor emit any IR radiation so 
as not to change the camera signals. These restrictions for the gas encountered in 
most applications, that is, atmospheric air, define the typical spectral ranges of IR 
cameras (cf. Figure 1.8 with Figure 1.45 or Figure 8.4). In the wavelength ranges 
of commercial IR camera systems, the residual extinction of atmospheric gases 
can be nicely compensated, and quantitative measurements are possible even for 
large distances [6]. 

In contrast, the qualitative detection of gases themselves by thermal imaging is 
a rather new application, first reported, to our knowledge, in 1985 [7]. This has 
meanwhile led to the development of new IR cameras. They all utilize the ab- 
sorption or emission of IR radiation [8] in ro-vibrational bands of molecules con- 
tributing in the thermal IR region between 1 and 15 um. Although strong absorp- 
tion/emission features allow the detection of gases with broadband IR cameras 
operating in the MW and LW ranges [8], more sensitive commercial cameras [9] 
use narrowband cold filters in front of the detector. At present, commercial gas- 
detecting cameras are available for the detection of many VOCs, including refrig- 
erants [10], SF, [11], CO, and, most recently, CO,. Alternatively, warm filters may 
also be used for sensitive gas detection [12, 13]. A survey of new developments 
and manufacturers of commercial systems will be given in Section 8.6 

One of the key issues associated with any kind of IR imaging of gases is whether 
it gives qualitative results in terms of visualizing the gas or quantitative numbers 
for the respective gas concentrations. Most commercially available gas-detecting 
cameras are only operated in the qualitative mode. The problems associated with 
quantitative imaging are discussed in Section 8.4. 


8.3.2 
Interaction of Gases with IR Radiation 


As outlined in Section 8.2, IR radiation can be absorbed by molecules due to the 
excitation of rotational—vibrational bands. For simplicity we assume just two dis- 
crete energy levels representing ground and excited states of a molecule within 
such bands. We may then distinguish three different possibilities for gas mole- 
cules to interact with IR radiation (Figure 8.6): 
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e First, suitable IR radiation may be absorbed if the molecules are initially in the 
ground state (Figure 8.6a). In this case, directed IR radiation from an object 
behind the gas is attenuated by the gas, that is, less radiation is detected than 
without gas. 

e Second, suitable IR radiation may be emitted isotropically if the molecules are 
initially in the excited state (Figure 8.6b). In this case, one would detect more 
IR radiation in the direction of an object than would be detected without the 
gas. 

e Third, IR radiation may be scattered by molecules. This process happens if 
molecules are initially in the ground state (Figure 8.6c). They may then be ex- 
cited by suitable IR radiation, for example, due to hot objects that are close 
by, but not in the line of sight of the camera. Immediately after excitation they 
reemit this IR radiation more or less isotropically. In this case, one would also 
detect more IR radiation in the direction of an object than would be detected 
without the gas. 


Both the emission and the scattering processes lead to additional IR radiation 
due to the gas. If the population of the excited state of the gas is due to its temper- 
ature (thermal excitation) and the gas is optically thick (see below), the spectrum 
of the emission process can be described by Planck’s law of blackbody radiation. 
If it is optically thin, the spectrum is obtained by multiplying Planck’s law with a 
suitable emissivity that may be wavelength dependent (Section 1.4). 

Scattering, on the other hand, does not need an initial population of an excited 
state. Scattering of electromagnetic radiation from molecules is well known. One 
usually distinguishes resonant from nonresonant scattering. In resonant scatter- 
ing, the energy of the incident photons matches the required energy for excitation 
of the molecule to an excited state. The corresponding process is called resonance 
fluorescence. The best-known example of nonresonant scattering, that is, when 
the photon energy does not match the energy for an excitation, is Rayleigh scat- 
tering, which is responsible for blue skies (due to visible light scattering with en- 
ergy lower than that for electronic excitations and higher than that for vibrational 
excitations of air molecules). If nonresonant radiation is incident on molecules, 
one may also observe an additional phenomenon where the scattered light has 
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Figure 8.6 Interaction of IR radiation with up in a different rotational-vibrational state; 
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a slightly different energy compared to the incident light. This process is called 
Raman scattering and is an established technique of IR spectroscopy. 

In the thermal IR range, the probability of nonresonant scattering from mole- 
cules is very small compared to resonant scattering, and therefore only scattering 
processes at the corresponding transition wavelengths must be considered. Such 
scattering processes from molecular gases may be thought of as resembling some- 
thing like thermal reflections known from the study of solid objects. 

This explains an additional difficulty when trying to quantitatively measure the 
influence of gases: one needs to know the contribution of scattering. This may be 
solved using an approach similar to reducing thermal reflections in conventional 
thermography: one must reduce the amount of scattered IR radiation by shield- 
ing the observed gases from any hot objects that could provide the IR radiation 
needed for the excitation of the scattering process. 


8.3.3 
Influence of Gases on IR Signals from Objects 


The impact of gas absorption, emission, or scattering on IR thermal imaging is 
schematically illustrated in Figures 8.7—8.9. The top row of Figure 8.7 depicts the 
situation of an object observed by an IR camera through a cold gas of temper- 
ature Tas- The object should have a temperature T > T,,,. The left line graph 
of the middle row of Figure 8.7 shows the object radiation (e.g., radiance) whose 
spectrum for a blackbody would follow Planck’s law. An IR camera only uses a pre- 
defined spectral range, which is indicated by the pink area below the curve. This 
area corresponds to the object signal seen by a detector if no additional attenua- 
tion of the radiation takes place on its path from object to detector. If, however, 
the cold gas has absorption features within the IR camera spectral range (indicated 
by transmission spectrum below the cold gas in the middle row of Figure 8.7), the 
detected object signal (spectrum below the camera) is lower (smaller pink area). 
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Figure 8.7 Detecting cold gases in front of a warm background with or without a filter. The 
shaded regions reflect the detected spectral range of the camera system. 
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Figure 8.8 Detecting warm objects through cold gases if additional hot objects are close by. 
These may lead to a kind of thermal reflection, thereby altering the signal strength. 


Camera Object 
(e.g., wall) 


Figure 8.9 Detecting hot, thermally emitting gases in front of a colder background with a 
broadband IR camera. The shaded regions reflect the detected spectral range of the camera 
system. 


This means that observation through a gas stream leads to a decrease in the object 
signal. 

If a narrowband spectral filter is used in front of the camera detector (bottom 
row in Figure 8.7), the object signal (green area) is on the one hand smaller than 
that obtained by broadband detection. On the other hand, if it is tuned to the 
absorption feature of the gas, the relative signal change due to absorption by the 
gas is much larger, that is, one may improve the signal contrast and achieve more 
sensitive detection (right side of Figure 8.7). A detailed analysis must also consider 
the corresponding change in the signal-to-noise ratio (Section 3.2.1). 


8.3 Influences of Gases on IR Imaging: Absorption, Scattering, and Emission of Radiation 


Figure 8.8 illustrates the measurement situation where, in addition to the object 
under study, other warm or hot objects that emit thermal IR radiation are close by. 
The hot surrounding objects emit thermal radiation, which may lead to resonant 
scattering processes from the molecular gas. This closely resembles the effect of 
thermal reflections known from solid objects (Section 3.4.1). 

The detected camera signal may change according to the relative importance 
of gas absorption (blue, signal decrease) and resonant scattering (red, signal in- 
crease). Scattering effects can often be observed using gas-detecting cameras if 
the geometry/orientation of the camera is changed and, as a consequence, the 
amount of thermal reflections from the gas varies. 

Now let us consider the influence of hot gases. The top row of Figure 8.9 de- 
picts the ideal situation of an object observed by a broadband IR camera through 
a warm or hot gas of temperature Tas- The object should have a temperature 
T < Tas: If the gas is optically thick, the thermal emission from the gas would 
be described by Planck’s law using the gas temperature. However, for realistic sit- 
uations, gases under study are optically thin, that is, they are spectral emitters 
with emissivities below unity. In any case, the hot gas radiation may add up to the 
object signal. This means that observation through a hot gas stream leads to an 
increase in the object signal. 

We note that Figure 8.9 can be extended to also illustrate the use of narrow- 
band filters (as in Figure 8.7), and it is furthermore also possible in this setup for 
additional hot objects to lead to resonant scattering (like in Figure 8.8), thereby 
changing object signals. 

As demonstrated in Figures 8.7—8.9, absorption, emission, or scattering of IR 
radiation by gases can have an influence on IR thermal imaging signals. The im- 
provement in signal contrast and sensitivity from the use of narrowband filters is 
common to many cameras optimized for gas detection. As an example, Figure 8.10 
shows an expanded high-resolution view of the 4.3 um absorption band of CO, 
(Figure 8.4), together with the transmission spectrum of a typical commercially 
available filter in this wavelength region. Such a filter easily serves the purpose of 
IR imaging. A multitude of narrowband and broadband filters are available in the 
thermal IR range [14]. 

Further improvement in sensitivity results from using cold rather than warm fil- 
ters since the detected background signal will be reduced, in particular if the filter 
material is also absorbing IR radiation (Section 3.2.1). This gas detection method 
with cold filters is commonly used with many commercial cameras for detecting 
VOCs. In addition, some cameras do not need filters at all: cameras with quan- 
tum well narrowband detectors (QWIP systems), their wavelength being tuned to 
molecular absorption bands, for example, to that of SF, need no additional filter. 
Other systems without filters are discussed in Section 8.6. 
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Figure 8.10 The 4.3 um band spectrum of CO, with superimposed filter transmission curve. 


8.4 
Absorption by Cold Gases: Quantitative Aspects 


In principle, a quantitative analysis of absorption of IR radiation by gases is pos- 
sible. However, we only give a schematic description since any adaptation to a 
specific gas measurement requires taking into account the quantitative details of 
the corresponding gas absorption, the specifics of the geometry of the surround- 
ings, measurement conditions, and so on [15]. Other preliminary studies to quan- 
titatively measure gas sensitivities of thermal imagers for methane have been re- 
ported [16], and a systematic PhD-level study was published that demonstrates 
that, in principle, IR cameras may be used for quantitative gas leak measurements 
(Section 8.6) A recent commercial solution will be discussed in Section 8.6. 
The reasoning for a quantitative analysis is as follows: 


e First, quantitative gas spectra must be known; 

e Second, one may calculate from that any decrease in IR radiation (e.g., its radi- 
ance) induced by a certain gas as a function of gas parameters, the used spectral 
range of the IR detector, and the geometry; 

e Third, this leads to quantitative signal estimates, that is, a kind of calibration 
curve for an IR camera. 


8.4.1 
Attenuation of Radiation by a Cold Gas 


The attenuation losses of IR radiation passing through a gas are described by 
Bouguer’s law (sometimes also called Lambert—Beer’s law), which states that the 
change in radiance passing through matter as a function of traveled distance L is 
given by 


I(T) = A) - ee) (8.1) 
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Figure 8.11 IR radiation passing through a gas is attenuated. The relevant quantity is the 
optical thickness t of the gas. 


Here J, defines the radiance entering the matter. Figure 8.11 shows a graphical 
representation of Eq. (8.1) in terms of transmission T(r) = I(T)/Iọ. The quantity 
(A, c, L) is the optical thickness of the gas. It depends on wavelength J, gas con- 
centration c, and length L of optical path through the gas. The gas concentration 
may be written in a number of ways. It may be given as mass density p = m/V, 
that is, mass per volume (kgm), as number density n = N/V, that is, number 
of molecules per unit volume (in m~?), or as pressure p (in hPa or atm), since, 
according to the ideal gas law, p is proportional to number density n. 

For a gas of constant density n (molecules per unit volume) over the whole op- 
tical path, r can be written in two different ways: 


TAC L) = dog (A) -n-L=k()+ p-L (8.2) 


where the extinction cross section ¢,,,(A) accounts for scattering as well as ab- 
sorption losses. In what follows, we only deal with absorption features. k(A) is 
the spectral gas absorption coefficient, usually given in units of 1/(atm m). Once 
k(A) is known, one may quantitatively calculate the transmission T(A, p, L) = 
I(A, p, L)/Ip(A) of radiation through any gas of given pressure p and dimension 
L from Eq. (8.1). Obviously, Eqs. (8.1) and (8.2) are the key for any quantitative 
analysis of gas absorption: one needs to know the absorption coefficient k(A) very 
precisely. Then it is straightforward to compute the portion of transmitted radia- 
tion through a gas of given length at given pressure. 

We note that the situation may be more complex if, for example, the gas is not 
distributed homogeneously. In this case the optical thickness is calculated from 


L 


L 
T(À) = | o(A) - n(x) dx = | k(A) - p(x) dx (8.3) 
0 
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that is, contributions must be summed up over the total length of the optical path 
considered. In all of what follows, we use the description with the absorption con- 
stant k. 

Transmission decreases exponentially, as shown in Figure 8.11. After five optical 
thicknesses, transmission T = e~° is below 1%. If, as in this case, it is very difficult 
to still detect IR radiation through the gas, one speaks of an optically thick gas. 


8.4.2 
From Transmission Spectra to Absorption Constants 


The main problem in quantitatively evaluating camera signal changes due to gas 
absorption is the precise knowledge of the absorption coefficient k. Starting points 
are theoretical or experimental literature data for transmission spectra. To extract 
k values from such spectra according to Eqs. (8.1) and (8.2), the precise values of 
pressure p and path length L through the gas must be known. It is sometimes not 
very easy to get hold of reliable data since literature data may deviate from each 
other appreciably [15]. 

As an example, Figure 8.12 depicts CO, spectra (the analysis scheme in this 
chapter is presented for CO,). The various literature data [2, 17, 18] may differ 
from each other, the main differences usually being due to the chosen spectral 
resolution. Low-resolution spectra only show averaged absorption and do not al- 
low us to resolve individual ro-vibrational lines within the spectrum. The spec- 
trum presented in Figure 8.12 was originally recorded at high resolution to resolve 
fine structures. Then a low-resolution spectrum was generated by averaging with 
neighboring data points (smoothed spectrum). If recording conditions (gas pres- 
sure p, length of optical path through gas L) are chosen unfavorably, the spectrum 
may show saturation behavior (zero transmission) at the center of the resonance 
between A = 4.2 and 4.35 um, which complicates the analysis. 

Using Eqs. (8.1) and (8.2), the transmission spectra of Figure 8.12 are used to 
extract the absorption constants if the pressure p and length L of the recorded 
spectrum are known. Obviously, the extraction of data from regions in the spec- 
trum where transmission is close to zero is difficult since errors in k get very large. 
Similar arguments hold for transmission close to unity. Regarding additional un- 
certainties of 0% and 100% lines (in particular for old literature spectra), we pro- 
pose that reasonable transmission values for k-value extraction should lie in the 
interval {0.1, 0.9} for the transmission data. Figure 8.13 schematically depicts the 
absorption coefficient k evaluated from the spectra of Figure 8.12 using Eqs. (8.1) 
and (8.2). 


8.4.3 
Transmission Spectra for Arbitrary Gas Conditions and IR Camera Signal Changes 


Once the absorption constant k of a gas is known, the transmission of the gas 
for any pressure and optical path length may easily be computed according to 
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Figure 8.12 Starting point for quantitative analysis: a typical transmission spectrum of a gas, 
here CO,, recorded, for example, with FTIR spectroscopy. 
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Figure 8.13 Absorption coefficients k extracted from transmission spectra of Figure 8.12. 


Eqs. (8.1) and (8.2). As an example, Figure 8.14 depicts a number of transmission 
spectra for selected p - L values. 

Modeled transmission spectra like these, due to given concentrations and path 
lengths, can be used to estimate the changes, induced on the object radiance of hot 
objects, observed through cold gases. In addition, one needs to know (Figure 8.15) 
the following information: 


1. Object radiation (here the M} dÀ spectrum) referring to object temperature; 
2. Object emissivity; 
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Figure 8.14 Transmission spectra for various conditions of p - L, computed from k spectra of 
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Figure 8.15 (a) Planck blackbody radiance spectrum for CO,, all given in arbitrary units. 
M, dA, detector sensitivity for SC6000, trans- (b) Schematic camera signals with and with- 
mission of two commercially available fil- out gas absorption when using the 4480 nar- 
ters [14], as well as a typical transmission rowband filter. 


3. Detector sensitivity (here of the midwave SC6000 camera used in some ex- 
periments), determining the detected wavelength band of the used camera; 
and 

4, Transmission of optics, in particular of narrowband filters (here denoted 4235 
and 4480). 


Figure 8.15a illustrates the idea behind the quantitative analysis of an object 
(350 K) observed through a gas (gas + background at 300 K). The region of inter- 
est is defined by the absorption bands of CO,. The detected radiance as a function 
of wavelength is proportional to the product of the object’s Planck function, object 
emissivity, detector sensitivity, filter transmission, and transmission through the 
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Figure 8.16 Schematic normalized plots of signal changes expected upon CO, gas absorption 
for given Tobject aS a function of gas pressure and optical path length through gas. The range of 
sensitive gas detection can be shifted by the use of appropriate filters. 


gas under study. The filter transmission changes most rapidly, and hence it dom- 
inates the shape of the resulting detected spectral radiance function. The total 
detected IR radiation (Figure 8.15b) is proportional to the area under the spectral 
radiance function. 

If there is no absorbing gas (CO, transmission 100%), the gray-shaded area de- 
termines the maximum possible signal. If, however, there is attenuation due to 
absorption by CO,, the spectral radiance is reduced and the new signal is deter- 
mined by the red-shaded area. This reduction in area corresponds to the signal 
reduction of Figure 8.7. 


8.4.4 
Calibration Curves for Gas Detection 


The change in IR signal due to the gas is determined by the value of p - L (pres- 
sure times path length in gas). Figure 8.16 illustrates the fact that for very small 
absorption (small value of p - L), both signals will be about equal (plateau region 
to the left), whereas for very large values of p - L, nearly all of the IR radiation from 
the object is absorbed (signals drop close to zero). For any intermediate value of 
p: L, an intermediate signal ratio will result. Hence, if such a calibration curve is 
known, one may easily find the p - L value from the measured signal attenuation 
(blue arrows). 

How sensitive the method can be depends on the gas under study (value of k 
constants) and the use of filters. A camera is considered to be sensitive to a certain 
amount of gas if slight changes in p - L induce large changes in the signal. The 
two filters in Figure 8.16 lead to two separated sensitive regions that lie between 
10% and 90% of the respective saturation values. Filter 1 may detect smaller p - L 
values, that is, it allows the detection of smaller amounts of gas. 
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Obviously, the lowest p - L value for a gas is defined by the given k value of the 
gas and the used narrowband filter. If the filter is on resonance, that is, completely 
overlapping the ro-vibrational absorption bands, the signal decrease for fixed p-L 
has its maximum value and the lowest detectable p - L values are reached (e.g., 
graph of filter 1 in Figure 8.16). This is nearly the case for the 4235 filter in Fig- 
ure 8.15. If, however, the filter is slightly off resonance (e.g., filter 4480 in Fig- 
ure 8.15), less radiation passing through the filter may be absorbed. Therefore, 
the p - L value belonging to the same signal attenuation must increase. As a con- 
sequence, the calibration curve is shifted to larger p - L values (e.g., graph of filter 
2 in Figure 8.16), resembling a less-sensitive detection. This may be necessary if 
a gas has very strong absorption bands and is present at high pressure and over a 
long path. In practice, it may be desirable to switch from a high-sensitivity mode 
to a lower-sensitivity mode in a camera when studying, for example, very large gas 
leaks (in this case, the camera would probably not receive any background signal 
since strong gas absorption would block the detection of any object radiation). 

The only remaining question is how a calibration curve, such as that shown in 
Figure 8.16, can be obtained for given gas conditions. The easiest way is to use 
calibration procedures. In principle, it seems possible to include a database in the 
camera with signal attenuations as a function of p- L at certain background object 
temperatures and distances. This could be done by calibration upon production of 
the camera. One would need several gas containers with IR windows such as heat- 
able cells of various lengths, say, between 20 cm (for subsequent close-up studies) 
up to, say, 10 m. Then the procedure for evaluating the gas absorption effects 
would be similar to those in the study by Richards [6], who studied the influence 
of long atmospheric paths (up to 1km). The camera needs to be directed onto a 
blackbody source of given temperature, and the signal changes are recorded as 
a function of increasing pressure or length. There would be a multitude of such 
graphs as a function of temperature. 


8.4.5 
Problem: the Enormous Variety of Measurement Conditions 


Before 2015, no commercial quantitative gas-detecting camera was available. 
However, a patent was issued very recently, and the first quantitative analysis 
systems that can be combined with other commercial cameras are now being 
advertised (Section 8.6). Difficulties are connected with the fact that in practice, 
there is such an enormous variation in measurement parameters (e.g., geometrical 
distribution of gas densities, background object temperatures, ambient tempera- 
tures) that for each measurement situation, an individual calibration curve would 
be necessary. Even if calibration curves were available and measurements gave as 
a result a certain p - L value, there would still be the problem of interpreting it. 
To estimate concentrations from the product p - L (p is proportional to the 
volume concentration according to the ideal gas law), one needs to have a good 
estimate of the length. Three measurement conditions seem possible: a homoge- 
neous gas distribution, a localized gas leak with rather well-defined gas flow, anda 
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Figure 8.17 (a-c) Three typical measurement situations when studying gas absorption with IR 
cameras. 


complex inhomogeneous distribution of gas, which may be due to localized leaks, 
in combination with diffusion processes that can lead to turbulent mixing with the 
surrounding air. These three conditions are depicted schematically in Figure 8.17. 

For a homogeneous distribution of the gas between the camera and the observer 
(Figure 8.17b), the analysis is straightforward since Lota, can be guessed easily us- 
ing, for example, a laser range finder. From the measurement of the signal change, 
p- Lis extracted, which means that p follows directly, and from that the volume 
concentration. 

The most general and most difficult case is depicted schematically in Fig- 
ure 8.17c. Such a situation may be the result of localized leaks; however, diffusion 
processes and turbulent mixing with the surrounding air can easily obscure the 
localized signature of laminar flow from a leak, especially if observed from a 
distance (this may be advisable for security reasons). In this case, the change 
in signal will just give the optical thickness, which is due to an averaged value 
Paverage * Ltotai and which results from integration over the optical path. In this 
case, only an average concentration may be deduced, and high-concentration gas 
leak spots may be hidden. 

For localized gas leaks with gas streaming out from a nozzle or a hole in some 
pipe and so on, one usually expects an inhomogeneous distribution, which, close 
to the leak, would still resemble a laminar flow like the one shown in Figure 8.17a 
(see also examples in [12, 13] and Section 8.7). If it is possible to estimate the 


actual gas flow diameter L,,, while measuring over a distance of L;,,q1, the related 
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localized pressure value p,,, follows from the measured average pressure p over 
Lrotal according to Psa * Lgas = P * Leotar: In any case, the net result would be at 
best a volume concentration of a gas. 

Obviously, many practical applications require a knowledge of gas flows. From 
the preceding discussion it follows that these cannot be estimated per se by IR 
imaging. However, as has been demonstrated for the example of artificial CO, 
gas leaks [12, 13], sensitive detection with small gas flows is possible, and for given 
leak sizes, calibration measurements are possible. 


8.5 
Thermal Emission from Hot Gases 


Although in practice one will likely encounter mostly cold gases (see preceding 
subsections), we also want to briefly focus on the case of colder objects observed 
through hot gases, in particular for cases where the gases are thermally emitting 
IR radiation. In this case (Figure 8.9), gas thermal emission adds up to the object 
radiation, that is, the original signal (without gas) is enlarged. Some experimental 
examples are described in Section 8.7; here we focus on the problem of quanti- 
tative analysis, for which one needs to know the emissivity of the hot gas. This 
problem is raised quite often by practitioners searching for a method to estimate 
gas temperatures from hot flames with IR imaging. 

The absorption constant k(A) is related to the directed emissivity of a gas. The 
total average volume emissivity €,,, is then given by (e.g., [19]) 


gas 


1 KAT) p. 
Egas(Ts Prot» Peasy L) = —az | - 8") My (T) da (8.4) 
oT* 


Results for gases depend on the optical thickness; usually they are depicted as 
a function of p - L. They are well known for H,O vapor and CO, at elevated tem- 
peratures since these gases are byproducts in combustion processes, and it is im- 
portant to know the radiative heat load on the interior walls of furnaces. This was 
the original motivation for calculating the emissivities of CO,, so data are mostly 
available for elevated temperatures. Still, they can give some insight into general 
behavior. Figure 8.18a (after [20] using data of Hottel) shows ¢,,, (CO,) for a vari- 
ety of p- L values [17, 19, 21-23]. The parameter is given in feet times atmosphere, 
with 1 ft = 0.3 m. Slightly above room temperature and at standard pressure, CO, 
with p : L = Latm m (x 3atm ft) gives e,,, ¥ 0.18. The peculiar form of the e(T) 
curves can be understood from the basic physics of blackbody radiation and the 
corresponding band absorption. 

Figure 8.18b illustrates which absorption bands of CO, contribute as a function 
of temperature for p - L = 1 ftatm. For low temperature, the M,(T) spectra peak 
in the LW region, and hence the 15 um absorption band, will dominate absorption 
for low temperatures. For larger temperatures, the contribution of the 15 um band 
will decrease and the 4.2 um band contribution will increase as M} (T) shifts to the 
MW range. For still larger temperatures, the 4.2 um band contribution decreases, 
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Figure 8.18 (a) Volume emissivities of CO, for various values of p - L as a function of tempera- 
ture (a) (from [20] after Hottel). (b) The total emissivity (red solid line theory) has contributions 
from absorption of the various ro-vibrational bands, shown here for p - L = 1 ft atm (after [17]). 


whereas now the 2.7 um contribution can still increase. The changes in the various 
contributions from different absorption bands to the total emissivity as a function 
of temperature can be calculated from transition matrix elements, which give the 
respective oscillator strengths. Changes result more or less from the fact that the 
total oscillator strength is finite and transitions from the various bands compete 
with each other. 

When discussing measurements with MW cameras, we would not deal with 
the total gas emissivity from Figure 8.18a but rather with the smaller pink shaded 
contribution of the 4.3 um band, as indicated in Figure 8.18b. This means that 
any MW camera would be dealing with much smaller emissivities, for example, 
E4.3-um band © 1/4 &g,, at T ~ 500 K, and so on. 

Obviously, Figure 8.18 indicates that the emissivities of hot gases and dimen- 
sions on the order of 1 mare still quite low, that is, the corresponding thermal gas 
radiation is far from resembling a Planck black or gray body source (for a discus- 
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sion of typical gas dimensions needed to reach thermal equilibrium and emissivity 
g = 1 for atomic hydrogen gas, see [24]). 
8.6 
New Developments 
Many optical methods are known for gas sensing [25]; here we will restrict our- 
selves to imaging systems. We will try to provide a survey but cannot claim com- 
pleteness in this rapidly evolving market. The first commercial IR OGI cameras 
worked qualitatively with a single fixed cold filter in front of MW cooled photo- 
electric focal plane array (FPA) detectors. Meanwhile, several different methods 
were developed for OGI in the thermal IR spectral range that led to a number of 
commercial products. Table 8.1 summarizes the techniques and physics princi- 
ples of the various detection methods. 
Table 8.1 Different techniques used in OGI. 
Technique Single cold Filter wheel Circular filter Diffractive FTIR + scan- 
filter wheel element ning/FPA 
Principle Narrowband Measure gas Broad- or Varying dis- True hyperspec- 
cooled fil- (1) without narrow- tance be- tral: combine 
ter directly filter and band, quasi- tween diffrac- FTIR spectrom- 
in front of (2) with cut-on hyperspectral tive element eter with either 
cooled detec- filter (no gas detection using and FPA scanning option 
tor influence) conventional (Figure 8.21) or FPA 
(Figure 8.19) filters + wheel (Section 3.2.3, 
with narrow- Figure 8.22) 
band inter- 
ference filters 
(Figure 8.20) 
Manufacturer FLIR, EyeC- Second CI systems [30] GIT Sher- Bruker, Telops, 
(example) Gas Sight [28, 29] lock [31] Telops2 [32-35] 
[26, 27] 
Details About 6 to Up to 80 spec- VOCs(MW) IFOV < 1 mrad, 
7 different tral bands, and SF, (LW) typical spec- 
filters (cam- dA/A = 0.5%, tral resolution 
eras) avail- 7.8-12 um, 4cm7}, 
able 320 x 256 pixels 256 x 256/ 
2s for image 320 x 256 pixels, 
MW and LW 
systems, 


cooled detectors, 
airplane use pos- 
sible 
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Figure 8.19 Scheme for gas detection with cut-on filters. The shown gas spectrum corre- 
sponds to pure methane (see text for details). 


The basics of gas detection with single narrowband filters were explained in 
Sections 8.3 and 8.4. Here we briefly summarize new commercial developments 
without going into details of the related detection limits, cooled versus uncooled 
filters, signal-to-noise ratios, and so forth. 

A potential improvement in cameras with fixed single filters are filter wheels. 
These have been available for quite a long time, however, only in research cam- 
eras. Meanwhile they are also used commercially for gas imaging. Besides wheels 
with various narrowband filters, gas detection and discrimination is also possible 
using (a number of) cut-on filters [29]. The scheme is depicted in Figure 8.19. For 
example, a gas with an absorption band in the LW IR may first be detected using 
the whole broad LW band or a (blue) filter with cut-on wavelength below the ab- 
sorption feature. In a second step, a filter is inserted with cut-on wavelength above 
the absorption feature. Without gas, the signal decrease would just correspond to 
the reduced width of the detected band. If an absorbing gas is present, the signal 
decrease will be larger. 

Another filter wheel system [30] is advertised as being able to detect radiation, 
either broadband, narrowband, or (quasi-) hyperspectral. Figure 8.20 depicts the 
scheme of such a setup. 

One half of the filter wheel can accommodate a number of filters that allow 
for broadband or narrow band detection at various center wavelengths. In ad- 
dition, the other half (in Figure 8.20a, the lower one) of the wheel is a specially 
manufactured narrowband precision interference filter with variable center wave- 
lengths, which depends on the wheel rotation angle a (Figure 8.20b). Such an as- 
sembly is available for the LW band between 7.8 and 12 um with up to 80 spectral 
channels (which is why it is advertised as hyperspectral) and spectral resolution 
dA/A = 0.5%. 

The physics underlying a quite different patented technique [31] is illustrated in 
Figure 8.21. The object radiation — and we assume objects that emit black or gray 
body broadband radiation — passes through a diffractive element before reach- 
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Figure 8.20 (a) Filter setup to either detect row interference filter transmission as a func- 
broadband or narrowband IR radiation with tion of rotation angle a. (b) Schematic exam- 
normal filters or perform quasi-hyperspectral ple of transmission of interference filters on 
imaging using a circular filter wheel with nar- wheel as function of angle. 


ing the detector FPA. For simplicity we assume the diffractive element to be a 
common, that is, chromatic, lens. Each lens made of a given material suffers from 
dispersion, that is, the index of refraction is wavelength dependent, with longer 
wavelengths usually having smaller index values than shorter wavelengths. The 
focal length of a lens depends on the index, so longer wavelengths usually have 
longer focal lengths, and consequently, for any optical imaging they also have 
longer image distances than those of shorter wavelengths. To keep it simple, this 
is illustrated (in a geometrical optics diagram) only for those limiting rays in Fig- 
ure 8.21a that form an image on the optical axis. The short rays (blue) have a 
shorter image distance than green and red rays. As shown, for a given distance 
between the lens and the FPA, the green rays form a sharp image on the central 
pixel on the optical axis, whereas blue and red rays have their images closer to 
the lens or further from it. As a consequence, the detector will receive different 
amounts of radiation from the three shown wavelengths (Figure 8.21b). The more 
widely spread the radiation is at the FPA, the smaller the amount an individual 
pixel will receive. Therefore, as depicted, radiation of wavelength 4, will be dom- 
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Figure 8.21 (a) Scheme to detect IR spectra tor FPA is varied. (b) At fixed distance, a given 
using a diffractive element (e.g., longitudinal pixel receives more radiation for the wave- 
chromatic aberrations of dispersive lens).The length, which focuses the object onto the FPA. 
distance between the element and the detec- 


inant, that is, in the example given, the pixel receives more or less narrowband 
radiation centered around 4,3. 

An interesting effect occurs if the image distance between lens and FPA detector 
can be varied. In this case, changing the distance causes a change in the detected 
radiation wavelength. This allows a conceptually simple way of recording spectra 
by varying the distance between diffractive element and detector array. 

Finally, (true) hyperspectral imaging (Section 3.2.3) has also made progress in 
the field of OGI [32-35]. To repeat briefly: in true hyperspectral imaging, IR spec- 
tra are recorded for each pixel using FTIR. This ensures the highest possible spec- 
tral resolution, better than that of the filter wheel. 

In addition to the information given in Section 3.2.3, we briefly discuss two 
types of commercial hyperspectral systems for OGI. The first uses a single de- 
tector and an optical scanning system. It has the advantage of having best de- 
tector performance but the disadvantage of longer recording times for extended 
object scenes. Even if 16 spectra are recorded per second (and it is not possible 
to do this much faster), and one spectrum is used for each pixel only, images of 
256 x 256 pixels would require about 4000 s, or more than an hour. Obviously, this 
technique is only useful for studying regions of interest with low spatial resolution 
if the situation does not change with time. If, however, FPAs are used, the record- 
ing time is drastically reduced and quasi-life images can be seen (depending more 
on the speed of the fast Fourier transform and subsequent image processing than 
on data recording). 
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Figure 8.22 Example of detection of industrial SO, emission from a distance of 1.5 km using a 
hyperspectral imaging system, HI90 (image courtesy Bruker Optics). 


Figure 8.22 shows an industrial example of SO, detection from a distance of 
about 1.5 km [32]. The spectra of the recorded pixels are compared to internally 
stored sets of spectral data of many gases. Whenever a measured spectrum co- 
incides with a certain gas, this is marked in the image. Another example of a de- 
tailed study refers to a coal-burning power plant smokestack [35]. The plume was 
strongly emissive across 1800 to 3000 cm™!, and the spectra revealed simultane- 
ous emissions of at least six gases: CO,, CO, H3O, NO, SO,, and HCL. 

The latest developments in OGI include the use of drones or, more generally, 
unmanned aerial vehicles (UAVs). Obviously, UAVs equipped with IR cameras can 
help to increase safety in inspections, in particular if hazardous gases are being 
investigated. In addition, it makes it possible to be much closer to objects, such as 
chimneys, that may otherwise be difficult to inspect (see also Section 10.11). 

Another important field of research is to develop real quantitative gas-detecting 
cameras. As mentioned earlier in Section 8.4, quantitative analysis is in principle 
possible but requires a lot of additional knowledge. Recently, an extensive piece 
of related research was published in a PhD thesis [36], which resulted in the first 
commercial solutions for quantitative imaging with common cameras [37]. It will 
be worthwhile to follow these developments. 

Finally, coming back to the most commonly used OGI cameras for practition- 
ers who use narrowband filters, we summarize in Table 8.2 those gases that are 
advertised as being detectable. Obviously, using just a single filter does not al- 
low one to determine which or how many of the gases with absorption features 
within the filter bandwidth are detected. This is possible only if the exact species 
is known from the specifics of an object under study (e.g., searching for SF, or CO 
leaks). In general, however, if the camera detects a gas-induced signal, it can be 
asserted only that one of many gases must be present. More detailed knowledge 
would be possible with a hyperspectral imaging system. Alternatively, once a leak 
is found, ground-based chemical or spectroscopic inspections can be conducted 
to definitely identify the relevant gas species. 

Table 8.2 also contains a column (filter 3.8—4.05 um) that is somewhat out of 
place, let us say, complementary to the other cameras. In this system, the filter is 
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Table 8.2 Characterization of commercially available OGI cameras using narrowband filters 
(e.g., FLIR, EyecGas); advertised list of detectable gases for leak detection and repair (LDAR). 


Spectral MW MW MW MW LW LW 
range 
Filter wave- 3.2-3.4 3.8—4.05 4.2—4.4 4.52-4.67 8-8.6 10.3-10.7 
lengths 
in um 
Type of gas Hydrocarbons CO, CO refrigerants 
Gases Examples: Used in CO, CO Freon SF, 
spectral re- Also: MEK NH; 
e Benzene i 
gion where PRE ClO, Also 
e Butane there ha e Acetonitrile 7 
e Ethane absorption e Acetyl e ClO, 
e Ethylbenzene by CO. or cyanide e R125 e Ethylene 
e Ethylene H O 2 e Arsine e R134A e alarge 
e Heptane £ e Bromine e R143A number 
e Hexane isocyanate e R245fa of hydro- 
e Isoprene e Butyl iso- e R404A carbon 
e Methyl cyanide e R407C chlorides, 
ethyl ketone e Chlorine e R410A bromides, 
(MEK) isocyanate e R417A fluorides 
e Methane e Chlorodi- e R422A 
e Methanol methylsilane œ R507A 
e MIBK e Cyanogen 
e Octane bromide 
e Pentane e Dichloro- 
e 1-Pentane methylsilane 
e Propane e Ethenone 
e Propylene e Ethyl thio- 
e Toluene cyanate 
e Xylene e Germane 
E gas e Hexyl iso- 
cyanide 
e Ketene 
e Methyl thio- 
cyanate 
e Nitrous 
oxide 
e Silane 
Application Natural gas Industrial CO, in- Petrochemical Food pro- Electrical 
areas Petrochemical furnace dustries Chemical man- duction utilities 
Oil refining surface Enhanced ufacturing Pharmaceu- Ammonia 
Offshore plat- inspection oil recov- steel industry tical plants 
forms Looking ery Automotive Fertilizer 
through CCS Air condi- production 


flames tioning 
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tuned to specifically avoid gas absorption, in particular by H,O and CO,, which 
dominate absorption within furnaces. These cameras may therefore be used to 
inspect furnaces during operation. 


8.7 
Practical Examples: Gas Detection with Commercial IR Cameras 


In this section, we present a selection of IR images of different gases, detected via 
absorption or emission processes of the gas between camera and a background 
object under study. Some studies were performed using broadband cameras, oth- 
ers using cameras equipped with narrowband filters. The spectra of all investi- 
gated gases are given in Appendix 8.A. Most examples shown here are qualitative 
only, with the exception of a few studies on CO, detection. 


8.7.1 
Organic Compounds 


The first commercial IR camera developed for the sole purpose of detecting gases 
was an OGI camera called GasFind [9, 10] that was sensitive for VOCs. Although 
some countries have definitions of VOCs, there is no generally accepted one. 
Qualitatively, VOCs are volatile organic compounds with rather high vapor pres- 
sure under normal conditions such that there is significant vaporization. In the 
European Union, for example, a VOC is any organic compound having an initial 
boiling point less than or equal to 250°C measured at a standard atmospheric 
pressure of 1013 hPa. Obviously, this vague definition explains why there are mil- 
lions of different compounds — natural as well as synthetic — that can be classi- 
fied as VOCs. Typical examples are fuels, solvents, drugs, pesticides, or refriger- 
ants. Since many VOCs are toxic (e.g., benzene compounds) or dangerous for the 
earth's climate (e.g., greenhouse gases, chlorofluorocarbons for the ozone layer), 
they are often regulated, and efficient means of detecting them are needed. The 
most important single application field of IR gas imaging of VOCs is probably the 
petrochemical industry. 

The simplest and best-known VOC molecule is methane. According to the 
spectrum shown in Figure 8.5, there are two major absorption bands, one cen- 
tered around 3.3 um in the MW band and the other between 7 and 8 um. This 
means that either MW or LW cameras are suitable for its detection. The first 
commercial GasFind cameras were MW cameras with cold narrowband filters 
adjusted in a wavelength range between 3 and 3.5 um. Just a year later, it was 
shown that LW cameras could also be used for detecting VOCs and many other 
species [8]. This idea was followed up by several manufacturers, as summarized in 
Section 8.6. In comparison to methane, propane shows similar spectral features; 
however, the relative strengths of the bands are changed. Compared to methane, 
propane’s absorption in the LW band is reduced with respect to the MW band. 


8.7 Practical Examples: Gas Detection with Commercial IR Cameras 


Figure 8.23 compares two camera types (GasFind MW with narrowband cold 
filter and a typical broadband LW) for the detection of methane and propane, 
flowing out at atmospheric pressure from a nozzle in front of a blackbody source at 
around 55°C. The two images of each gas were recorded nearly simultaneously — 
the tube with the gas flow was sometimes moved for better detection in real time 
image sequences. Three things are obvious: 


1. It does not really matter which wavelength region is used for the detection of 
gases, the only prerequisite being that there must be an absorption band. 

2. These images indicate the improvement that is due to the narrowband filter 
in the GasFind camera. Its images (a, c) have a much better signal contrast. 
In real-time observations, this is even more obvious. We note, however, that 
here the two cameras have different spectral ranges. Below, we present another 
example with CO, where the comparison between broad- and narrowband 
filter detection is shown for the same spectral range. 


HI AUTO HIST WH 
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(c) 


Figure 8.23 IR images of pure methane (a,b) and propane (c,d) flowing out of a nozzle in front 
of a blackbody source. (a,c) MW FLIR GasFind camera images and (b, d) broadband LW FLIR 
P640 camera images. Images recorded at laboratory in Brandenburg, Germany. 
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27 
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Figure 8.24 IR image of gas of camping burner recorded with LW FLIR SC2000 camera. 


3. The differences between the spectra show up in the images. For propane, MW 
detection improved considerably because of the much higher absorption con- 
stants (the two spectra in Appendix 8.A refer to the same gas pressure and 
sample length). 


The commercial VOC GasFind cameras will detect a variety of gaseous species. 
Since the corresponding spectra sometimes shift around the fixed filter region, 
some gases may be detected slightly more easily than others. This may give rise 
to additional changes when detecting different gases. 

Together with propane, butane is another very important gas encountered 
in everyday life. In Europe, mixtures of these two gases are commonly used in 
lighters or camping burners. Butane shows absorption features very similar to 
those of propane. Figure 8.24 shows an image of the gas (no flame) flowing out of 
a camping burner. The burner was turned upside down since propane and butane 
are both heavier than air. 

A variety of other organic compounds have been investigated experimentally 
using broadband LW cameras [8], mostly to demonstrate the possibility of de- 
tecting these species with broadband systems. Of course, narrowband detection 
is more sensitive. Here, ethanol and gasoline are discussed as two more examples. 

Ethanol is probably the most important alcohol species. To detect just the ef- 
fects of pure ethanol, we used laboratory-grade ethanol (Figure 8.25). Upon open- 
ing the flask at room temperature (about 18°C) in front of a blackbody source at 
about 35°C, one immediately observes the absorption effects of the vapor. This 
becomes even more obvious when the alcohol is poured into a shallow dish while 
the dish is moved gently. 

IR cameras are sensitive enough to detect ethanol alcohol vapor in the breath 
right after the consumption of a high percentage of alcohol (of course, more sen- 
sitive spectroscopic methods are available). The IR images in Figure 8.26 show the 
results of the following experiment: a volunteer drinks either pure water or alco- 
hol and then exhales (it is sufficient to flush the mouth without swallowing, and 
care must be taken to exhale gas and not liquid droplets). Exhaling after drinking 
water shows no noticeable effect (Figure 8.26a), whereas the alcohol in the breath 
is easily observable (Figure 8.26b). 

Figures 8.27 and 8.28 depict two typical examples of onsite analysis of VOCs 
recorded with GasFind cameras. A very common use of VOCs is as gasoline for 
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Figure 8.25 Room temperature pure ethanol poured into a dish in front of temperature- 
stabilized blackbody source (a) and ethanol vapor, above dish (b). 
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Figure 8.26 Normal breathing and exhaling after drinking water has no observable effect 
on LW IR thermal imaging (a). In contrast, drinking alcohol does lead to alcohol vapor in the 
breath that is detectable (b). 
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cars. While pumping gas at gas stations, the VOC fumes, due to the vapor pressure 
of the liquids, may be emitted into the environment. This can be clearly seen in 
Figure 8.27, which depicts the situation before (Figure 8.27a) and after starting the 
fill-up. To reduce these emissions, the hose may be equipped with a surrounding 
tube, which pumps the fumes away. Figure 8.28 shows an example of a refinery 
where one could detect VOC fumes leaking out from below the cover of a waste- 
water tank. 


8.7.2 
Some Inorganic Compounds 


Ammonia is a very common substance used in the chemical industry. Opening a 
bottle with pure ammonia leads to the escape of the vapor pressure above the liq- 
uid. Figure 8.29 depicts this vapor in front of a temperature-stabilized blackbody 
source at around 41°C used as background object. The strong absorption of the 
vapor in the LW range (spectrum in Appendix 8.A) immediately leads to clearly 
observable features in the IR images. 

Whereas ammonia can be sensed by humans due to its bad smell, sulfur hex- 
afluoride (SF,) cannot be detected by human senses, and whereas ammonia shows 
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Figure 8.27 Three snapshots of fill-up of a 
car tank with gasoline at a regular gas station. 
Before starting the fill-up (a), no fumes can be 
seen. (b) Immediately after the gas starts be- 
ing pumped, fumes are detected. (c) Though 


MANUAL 
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heavier than air, they are driven by air currents 
and may also be blown toward the customer. 
(Courtesy Infrared Training Center, FLIR Sys- 
tems Inc.) 


Figure 8.28 Fumes of VOCs leaking through 
covers of wastewater holding tanks ina 
refinery. Such tanks separate the oil from the 
water. (Courtesy Infrared Training Center, 
FLIR Systems Inc.) 


strong broadband absorption in the LW and some small absorption features in the 
MW band, SF,, due to its high symmetry, only shows one pronounced and very 
strong absorption feature in the thermal IR range around 10 um. In the following 
experiments (after [8]), SF, was injected into a balloon, and its effects on IR sig- 
nals were studied by positioning it in front of a blackbody source. Then a valve was 
opened and the gas was pressed out of the balloon. Figure 8.30 shows some exam- 
ples with room temperature gas (about 24°C) and varying object temperature for 
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(a) 


Figure 8.29 Room temperature ammonia vapor in front of warmer object is easily visible with 
a LW camera, not only for a 2 K span (a) but also for a larger 10 K span (b). 
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Figure 8.30 Room temperature SF, in front of a blackbody of 32°C (a,b) and 82 °C (c,d). Both 
images were recorded with a broadband LW camera and a 5 K span (a,c) and 20 K span (b,d). 
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spans of 5 and 20K. These images show the increase in contrast with increasing 
temperature difference between the gas and the object. Furthermore, the good 
signal contrast also for a large span clearly demonstrates that SF, can easily be 
detected without carefully adjusting the level and span. As a consequence, a nar- 
rowband LW GasFind camera for SF, and species with absorption around 10 um 
wavelength was introduced [11]. 

The gas-filled bags with SF, were quite easy to handle and allowed us to study 
the changes in IR images when varying the gas temperature in relation to the sur- 
roundings. This was done by placing the gas balloons in a temperature-stabilized 
oven for times long enough to establish thermal equilibrium. One balloon with 
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Figure 8.31 Cold (a) and hot (b) SF, in front of a room temperature wall. 


SF, was cooled down to —20°C and a second was heated to +80 °C, that is, one 
gas bag was much colder than the ambient temperature while the other was much 
warmer. Figure 8.31 depicts the respective gas flows observed in front of a room 
temperature wall. These images nicely demonstrate the change from absorption 
of IR radiation by the cold gas to the thermal emission of IR radiation by the hot 
gas. 


8.7.3 
CO, : Gas of the Century 


The final section on gas detection with IR cameras discusses applications for prob- 
ably the most important gas of the twenty-first century. Carbon dioxide (CO,) is 
a natural gas that has found numerous applications in various industries. In ad- 
dition, it is a byproduct of the combustion of carbon-based energy sources. As a 
result, at present, it makes the most important contribution to the anthropogenic 
greenhouse effect [38, 39]. To mitigate climate change due to anthropogenic emis- 
sions of greenhouse gases, many large corporations in the field of energy plan to 
introduce so-called carbon capture and storage (CCS) technologies. The concept 
of CCS is briefly summarized in Figure 8.32 (from [40]). 

CO, from primary sources, for example large power plants, is captured and 
transported to several storage sites (mostly in pipelines). Storage can occur, for 
example, in deep geological formations, oil wells, the deep ocean, or in the form 
of mineral carbonates. 

The introduction of CCS technologies will raise the following issues: 


e Verification that power plants do indeed no longer emit CO,; 
e Verification that pipelines do not leak; 
e Verification that underground storage is safe, that is, that there are no leaks. 


For all of these verification issues, analytical tools are needed that easily allow 
monitoring of pipelines or sites by sensitive detection systems for gaseous CO,. 

As demonstrated by the examples below, IR thermal imaging provides an excel- 
lent tool for this purpose [12, 13, 41]. As an imaging device it offers in particular 
the possibility of fast leak detection in large areas. Once leaks are localized, the 
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Figure 8.32 CCS systems showing carbon sources for which CCS might be relevant and op- 
tions for the transport and storage of CO,. (Reproduced from [40], Chapter 4, Energy supply, 
Figure 4.22.) 


method may be combined with other conventional and very sensitive spot mea- 
surement techniques for CO,. We also note that recently, a passive technique was 
developed to detect large amounts of CO, degassing from the earth’s surface by 
secondary thermal effects [42]. 

In what follows, a number of different thermal imaging experiments with CO, 
are presented [12, 13]. These include a comparison of broadband detection versus 
narrowband detection in the MW range, detection of low concentrations on the 
order of 500 ppm over short distances, detection of CO, in exhaled air and in 
combustion processes, and the visualization of absorption versus scattering and 
emission of radiation by gases. Most importantly, detection of well-defined gas 
flows, simulating gas leaks, is presented, and it is demonstrated that CO, gas flows 
as small as 1 mL min“ corresponding to CO, masses of about 1 kg/year may be 
detected. 

The principles of two of the used setups are shown in Figure 8.33. MW cam- 
eras were used to observe a blackbody emitter that served as background of well- 
defined temperature and emissivity. In some cases, the blackbody emitter was re- 
placed by a large-area hot plate, which was not as homogeneous, but still nicely 
served as background object. We used both a broadband THV 550 Agema cam- 
era (3—5 um range/PtSi detector/320 x 240 pixels) as well as a broadband FLIR 
SC6000 camera (1.5-5 um range/InSb detector/640 x 512 pixels). The latter al- 
lowed us to insert commercially available room temperature narrowband spec- 
tral filters adjusted to the absorption feature of CO, gas (here Spectrogon 4235 
filter [14]). 

CO, was introduced between the camera and the blackbody source either in 
cells of well-defined length at well-defined pressures (Figure 8.33a) or while flow- 
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Figure 8.33 Experimental setup. An IR camera with or without a filter detects radiation 
changes from a background object of known temperature and emissivity. 
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Figure 8.34 Detection of same flow of CO, gas (100 mL min“', tube inner diameter 6 mm) with 
a broadband MW camera (THV 550) (a) and a narrowband camera (SC6000 plus filter) (b). 


49.5 °C 


49 
48 
47 


47.0 °C 


ing out of a tube of well-defined diameter with a known flux, defined by mass flow 
controllers (Figure 8.33b), or it could be emitted in unknown concentrations and 
gas flows due to a variety of processes. 


8.7.3.1 Comparison of Broadband and Narrowband Detection 

Although broadband MW cameras may already easily detect CO, by its absorp- 
tion [8, 13], it is customary to use narrowband filters. Figure 8.34 illustrates a 
comparison between IR images of a broadband MW camera (3-5 um) and a nar- 
rowband camera (SC6000 with warm filter 4235). Both cameras observe the same 
CO, flow in front of a blackbody source, operated at around 50°C. 

Whereas the broadband camera hardly detects this small CO, flow of only 
100 mL min7!, the narrowband detection substantially improves the sensitivity of 
the camera. In addition, the InSb detector of the SC6000 camera is more sensitive 
than the PtSi detector of the THV 550 camera. Reducing the gas flow allows us to 
estimate the differences in sensitivity. In the present case for the given conditions 
(Tg = 50°C, tube inner diameter 6 mm), the difference in the lowest detectable 
gas flows was around a factor of 20-30, that is, the narrowband camera system 
allowed us to detect gas flows that were smaller by a factor of 20—30 than those 
observed with a broadband camera (see following discussion on detection lim- 
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Figure 8.35 The authors (K.-P.M. (a), M.V. (b)) while exhaling through the nose and (while 
laughing) through the mouth in front of a 50°C blackbody source. 


its). For the practitioner, the smallest detectable gas flows will always be seen much 
easier as signal changes in life image sequences. This is due to the fact that the 
image processing within the brain is in general very sensitive to movements in 
our field of view, that is, image changes as a function of time. In still images, it 
is much harder to detect such small variations of gas concentrations. All of the 
following CO, experiments were recorded with the narrowband camera system. 


8.7.3.2 Detecting Volume Concentration of CO, in Exhaled Air 
Being the “exhaust gas” of human breathing, CO, is directly related to human en- 
ergy production upon oxygen intake. The average CO, concentration in the air, 
that is, the concentration while inhaling air, is about 400 ppm (in the open air) and 
up to around 800 ppm in closed rooms (depending on the size of the room, num- 
ber of people in the room as function of time, ventilation of the room, etc.). The 
increase of CO, concentration in closed rooms is due to breathing. Typical car- 
bon dioxide concentration in exhaled air is around 4—5 vol% (40 000-50 000 ppm), 
that is, around a factor of 100 larger than typical concentrations in fresh air. 
Figure 8.35 depicts qualitative examples for detection of CO, concentrations 
upon exhaling air. Exhaling may occur through the nose (opening diameter 
around 1cm) (Figure 8.35a) or through the mouth (opening diameter 4—5 cm) 
(Figure 8.35b). In both cases, the absorption of background IR radiation due to 
the colder gas is easily visible. 


8.7.3.3 Absorption, Scattering, and Thermal Emission of IR Radiation 

Figure 8.36 depicts the influence on scattering of hot objects nearby on IR gas 
imaging. The background blackbody source was set to 80°C, the CO, gas was 
at room temperature (about 20°C), and as additional radiation source we used a 
soldering iron tip at 400°C, which could be freely moved in the region close to 
the gas flow. The orientation of camera, gas tube, and blackbody source was not 
changed. 
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Figure 8.36 Room temperature CO, gas flow _ tion from a hot soldering iron at 400 °C, allows 
at 700 ml min“! in front of black body source simultaneous observation of gas absorption 
set to 80°C. (a) The cold gas leads to attenua- and scattering. The soldering iron was placed 
tion of IR radiation. (b) Scattering of IR radia- several centimeters in front of the gas flow. 


Figure 8.37 CO, flow from tube in front of 
slightly warmer background as well as hot 
CO, combustion product of a lighter flame 
(the visual flame top was about 10 cm below 
the lower edge of the IR image). 


In Figure 8.36a, the cold gas (blue) clearly attenuated the IR radiation from the 
blackbody source (yellow-green). If the additional hot object, the soldering iron 
(red), is far away (Figure 8.36a), scattering contributions from CO, are too small 
to be detected. However, moving the iron tip to a distance of several centimeters 
from the outflow of cold gas (Figure 8.36b), one immediately observes gas features 
of apparently higher temperature due to the scattering of IR radiation. 

In principle, it is also possible to have a small amount of thermal emission from 
the heated gas close to the soldering iron tip and in practice it may become diffi- 
cult to separate the scattering from the thermal emission contribution of the gas. 
In order to estimate the amount of thermal emission, one needs to calculate its 
emissivity and its optical thickness (Section 8.5). Qualitatively, thermal emission 
may be observed isolated by studying combustion processes which produce hot 
CO,. In the laboratory setup, a cigarette lighter was placed below the blackbody 
source. It was observed with the IR camera such that the visually observable flame 
top was about 10 cm below the lower edge of the IR image. Figure 8.37 shows an 
example: hot CO, gas was rising and — while still being hot — emitting IR radia- 
tion. Besides, in the upper part of the image, one can still observe the colder gas 
flowing out of the tube. 


8.7 Practical Examples: Gas Detection with Commercial IR Cameras 


~w 


(a) (b) 


Figure 8.38 Warm (a) and hot (b) CO, exhaust gas from combustion in a motorcycle engine. 
The background was at a temperature of about 80°C. (Use of motorcycle, thanks to F. Pinno.) 


An even more impressing visualization of CO, combustion products is ob- 
tained by studying the exhaust of combustion engines. Figure 8.38 depicts the 
exhaust pipe of a motorcycle (Suzuki 1100 GSXF, 98 hp) in front of a heating plate 
which had an inhomogeneous temperature distribution with an average temper- 
ature of about 80°C. 

Figure 8.38a shows CO, absorption in the exhaust after starting the engine and 
running it at low power. Obviously, the exhaust gases had enough time to cool 
down within the exhaust pipe. Therefore, only some absorption of IR radiation 
in front of the warm background was observed. However, while the engine was 
operated (for a short time) at full power, rather hot exhaust gases were emitted, 
which showed up in the IR image Fig. 8.38b. 


8.7.3.4 Quantitative Result: Detecting Minute Amounts of CO, in Air 

For quantitative measurements of CO,, we used a cell of 10cm in length with 
KBr windows of about 95% transmission. It can be filled with any desired par- 
tial pressure. At first, the cell was evacuated and observed while ambient air was 
streaming in with typical CO, volume concentrations in closed rooms of around 
400-800 ppm. Figure 8.39 shows the following result: the change in CO, content 
is due to the 10 cm cell while the total measurement distance was about 1 m. The 
observed change means that we are able to detect minute changes in CO, con- 
centrations of 40-80 ppm over measurement distances of 1 m. 

The high sensitivity of the measurements even allowed us to detect the addi- 
tional attenuation due to pressure broadening. Figure 8.40 compares signals of the 
same partial pressure of CO, (51 hPa) for two different total pressures of 51 hPa 
(pure CO,) and 1029 hPa. Higher atmospheric pressure results in pressure broad- 
ening, which itself leads to larger attenuation of the IR radiation. 


8.7.3.5 Quantitative Result: Detection of Well-Defined CO, Gas Flows from a Tube 

The most important application of any GasFind camera should be its leak detec- 
tion capability. Figure 8.41 depicts results for varying CO, flow in front of a black- 
body source operating at around 50°C. The CO, flow (100 vol%) was adjusted 
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(a) (b) 


Figure 8.39 Cell with vacuum (a) and filled (b) with room temperature air (CO, concentration 
400-800 ppm). 


(a) (b) 


Figure 8.40 Pressure broadening in CO, spectra: cell of 10-cm length with KBr windows in 
front of blackbody source (T = 35 °C). The CO, partial pressure was 51 hPa in both cases with 
total pressures of 51 hPa (a) and 1029 hPa (b). 


using a mass flow controller, the gas was exiting a tube of 6mm inner diameter 
several centimeters from the source. 

The sequence in Figure 8.41 shows results for mass flows between 5 and 
1000 mL min“. Despite the large density of CO, compared to air, small flow 
rates lead to fumes which are easily driven by currents of the surrounding air. 
Flow rates between 100 and 500 mL min" result in nearly laminar flow. For flow 
rates around 1000 mL min“!, turbulences develop. 

The main question concerns the lower limit of detectable gas flow. It depends 
on a combination of background signal and chosen integration time for the de- 
tector (most commercial IR cameras do not allow the user to select integration 
time). In order to more closely resemble typical outdoor situations, experiments 
were carried out for blackbody background temperatures only slightly above room 
temperature (Tp = 35°C). Owing to the corresponding lower radiation signal 
(with respect to a 50 °C blackbody) longer integration times could be used, yield- 
ing a better signal-to-noise ratio. So far, gas flows as low as 1 mL min™! could be 
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1000 mL min 


(e) (f) 


Figure 8.41 Raw data of detected CO, flows (in milliliters per minute): 5 (a), 20 (b), 100 (c), 
300 (d), 500 (e), and 1000 (f). The SC6000 camera was operated with an uncooled narrow band 
filter in front of a black body emitter operated at T = 50°C. 


detected. In still images, such a small gas flow is sometimes hard to detect; it is 
easier to observe changes in life images. GasFind cameras use a high-sensitivity 
mode (HSM) that is based on a consecutive image subtraction procedure (Sec- 
tion 3.5.1.4, also Figure 3.67). 

The laboratory results suggest that CO, with IR cameras is suitable for analyz- 
ing gas leaks. The lowest detected gas flows so far of 1 mL min™! would corre- 
spond to 0.06 Lh, 1.44 L/day, or ~ 0.5 m3/year. Using a density of CO, (about 
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2kgm_7%), it is therefore possible to detect emissions as low as about 1 kg/year 
from individual leaks. Even for much less favorable conditions in industry, the 
lowest detectable gas flows of, say, 100 mL min“, that is, ~ 100 kg/year, should 
be readily observable. Once leaks are localized, the method may be combined with 
other more sensitive CO, spot measurement techniques. 

It is indeed a pleasant surprise to learn that now, about 8 years after commercial 
CO, cameras were first proposed by one of the authors while on sabbatical at 
FLIR/ITC in Boston [12, 13], they are finally available. 

Looking to the future, we mention another possibility for increasing the sensi- 
tivity of such gas-sensitive cameras. As is well known from other spectroscopic 
techniques, it would make sense to use two warm filters (of nonabsorbing mate- 
rials) to detect the object signal through the gas, one being off resonance (no ab- 
sorption) and the other one on resonance (absorption). The ratio of these two sig- 
nals directly reflects the gas absorption very sensitively. Inserting warm filters in 
IR cameras should pose no problems. It is already common practice when chang- 
ing the temperature ranges of IR cameras. 


8.A 
Appendix: Survey of Transmission Spectra of Various Gases 


Here a qualitative survey of the spectra of important VOCs and inorganic mole- 
cules is given. Spectra are from own calculations, own measurements, and after 
data from [2]. They were recorded using a variety of methods (prism and grating 
spectrometers as well as FTIR spectrometers) by many different groups. Although 
for many of these spectra recording conditions would allow for a quantitative de- 
scription, we only show qualitative spectra since conditions like gas pressure and 
optical path length differ from sample to sample such that the transmission at the 
center of the absorption bands will be similar. More details can be found, for ex- 
ample, on the web [2]. We note that spectra are usually recorded as a function of 
wavenumber, which is proportional to the frequency or energy of the radiation. 
Here we present the data as a function of wavelength since the various camera 
systems are usually characterized in terms of wavelength ranges. Table 8.A.1, re- 
produced here for completeness, summarizes all substances whose spectra can be 
found in this appendix. 
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Table 8.A.1 Some natural and industrial gases, including hydrocarbons and other organic 
compounds, that absorb in the thermal IR region. 


Inorganic 
compounds 

H,O water vapor 
CO, carbon dioxide 
CO carbon monoxide 
NO nitric oxide 

N,O nitrous oxide 
NH3 ammonia 

O; ozone 

H,S hydrogen sulfide 
SO, sulfur dioxide 
CS, carbon disulfide 


SF, sulfur hexafluoride 


Simple 
hydrocarbons 
CH, methane 
C,Hg ethane 
C3Hg propane 
C,Hyg butane 
C,H isobutane 
CH, pentane 
CeHy,4 hexane 
CgHyg octane 
CgHyg isooctane 
Cı12H26 dodecane 
C16H34 hexadecane 


Simple multiple 
bond compounds 
C,H, ethylene 
C3H6 propylene 
C,H, butadiene 
Some alcohols 
CHOH methanol 
C,H;OH ethanol 
C3H7OH propanol 
Ketones/ethers 
C3H¢O acetone 
C,4HgO MEK 
CgH,.O MIBK 
C;H;20 MTBE 


Benzene 

compounds 

CeHg benzene 

CH; toluene 

CgHy p-xylene 

CgHy ethylbenzene 
CjoHg naphthalene 
Hydrocarbons with halogens 
CCl,F, Freon 12 (CFC12) 
CHCIF, Freon 22 (CFC22) 
CHF; Freon 23 (CFC23) 
CHCl; chloroform 

CCl, carbon tetrachloride 
COCI, carbonyl chloride 
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Inorganic Compounds 1 
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8.A.2 
Inorganic Compounds 2 
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8.A.4 
Simple Hydrocarbons 2 
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8.A.5 
Simple Multiple Bond Compounds and Some Alcohols 
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8.A.6 
Some Ketones/Ethers 
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8.A.7 
Some Benzene Compounds 
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8.A.8 
Some Hydrocarbons With Halogens 
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Chapter 9 
Microsystems 


9.1 
Introduction 


Microsystems engineering is likely to be a key technology in the twenty-first cen- 
tury. Microsystems promise to revolutionize nearly every product category. Mi- 
croelectromechanical systems (MEMS) are the integration of mechanical, optical, 
and fluidic elements, sensors, actuators, and electronics through microfabrication 
technologies. MEMS are made up of components with a characteristic size in the 
micrometer region. They are also referred to (in Japan) as micromachines or (in 
Europe) microsystems technology or MST. Microsystems engineering is an en- 
abling technology that allows the development of smart products. It augments the 
computational ability of microelectronics with the perception and control capa- 
bilities of microsensors and microactuators and expands the range of possible ap- 
plications. Upon production, every technical product will be characterized such 
that its properties upon variation of relevant parameters are known. 

The concepts of measuring and testing technology known from, for example, 
microelectronics or precision mechanics can, however, only be partially applied 
to microsystems because of the small size and the variety of physical principles 
used in the microsystem operation. Therefore, new testing methods must be de- 
veloped to characterize the operation and important performance parameters of 
microsystems. 

Many microsystems are characterized either by a uniform temperature or by 
a spatial temperature distribution. In addition, thermal response times belong to 
the most important system parameters. Owing to the small heat capacitance, any 
contact probe for temperature measurement will induce appreciable thermal con- 
ductive heat transfer, which will either complicate the analysis or even make it im- 
possible. Therefore, a contactless measurement is needed to analyze spatial and 
transient temperature distributions for microsystem components (reactors, sen- 
sors, actuators). Obviously, thermography can play an important role in the ther- 
mal characterization of different microsystems. It can support the research and 
development work and control the system operation without modifying system 
performance [1, 2]. 


Infrared Thermal Imaging, Second Edition. M. Vollmer and K.-P. Méllmann. 
©2018 WILEY-VCH Verlag GmbH & Co. KGaA. Published 2018 by WILEY-VCH Verlag GmbH & Co. KGaA. 
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In what follows, exemplary results are presented for microfluidic systems, sen- 
sors, and microsystems that utilize an electric-to-thermal energy conversion dur- 
ing operation. 


9.2 
Special Requirements for Thermal Imaging 


The thermography of microsystems is affected by a number of problems that are 
usually not encountered in the study of macroscopic objects. The specific require- 
ments concern suppression of mechanical instabilities and vibrations, the need 
for close-up lenses or microscope objectives, and the possibility of high-speed 
recording. 


9.2.1 
Mechanical Stability of Setup 


Owing to the small size of microstructures, a very stable mechanical construction 
of a test bench is necessary to avoid the effects of mechanical instabilities or me- 
chanical vibrations on the thermal imaging results. A breadboard or, even better, 
a vibration-insulated optical table with adjustable sample and camera holders is 
well suited for microscopic thermal imaging analysis (Figure 9.1). 


9.2.2 
Microscope Objectives, Close-up Lenses, Extender Rings 


The study of microsystems usually requires a spatial resolution of thermal imaging 
much better than 1 mm. In practice, the requirement depends on the microstruc- 
ture size. Infrared (IR) cameras with standard objectives only allow spatial resolu- 
tions of around 1 mm, so they must be equipped with an additional close-up lens 
to increase the spatial resolution (Section 2.4.4.3). For cameras with exchangeable 
lenses, one may also use extender rings (Section 2.4.4.4). The maximum spatial 
resolution is achieved using microscope optics (Figure 2.77). 


x 


Figure 9.1 Experimental setup for micro- 
scopic thermal imaging using an optical 
table. 


9.2 Special Requirements for Thermal Imaging 


Figure 9.2 demonstrates an improvement of the optical resolution for a minia- 
turized thermal emitter in a transistor housing using different components. The 
use of additional optical components to increase the spatial resolution of the 
imaging is accompanied by a decreasing working distance (camera objective to 
object). Thus, the Narcissus effect for nonblack objects may become important 
(Section 2.4.4.5) [3]. 

Before analyzing the temperatures of microscopic structures, the spatial reso- 
lution of the used equipment needs to be determined to avoid temperature mea- 
surement errors. An easy method to determine spatial resolution uses chromium 
structures with a well-defined size on a photolithography mask with a glass sub- 
strate. The mask should be heated, and the emissivity contrast of the mask can 
be used for the measurement. Figure 9.3 depicts a measurement across a 34 um 
thick line on the mask. Compared to the visible microscope image (Figure 9.3a, 
top), the IR image appears blurred (Figure 9.3a, bottom). Raw signal data across 
the line were analyzed and a signal plateau was formed by about six pixels (Fig- 
ure 9.3b). If this number of pixels is compared with the linewidth of 34 um, one 
may conclude that for this camera equipment resolution per pixel is around 5— 
6 um. 

For a more detailed analysis, the modulation transfer function should be ana- 
lyzed as described in Section 2.5.4. 


N 


Figure 9.2 IR images of miniaturized IR emit- and an additional close-up lens (right). (b) MW 
ter (size 2.1 xX 1.8 mm?) in TO-39 housing. Re- camera FLIR SC6000 (640 x 512 pixels) with 
gion of interest as indicated by arrows in im- a 25 mm lens (left), additional extender ring 
ages on left and in middle is shown expanded (middle with 160 x 120 pixels), and micro- 

in images on right. (a) MW camera FLIR THV scope optics (right). 

550 (320 x 240 pixels) with a 24 optics (left) 
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Figure 9.3 VIS microscope image (a) (top) and IR image (bottom) of a line with a width of 
34 um ona chromium mask. Raw signal profile of line measured in IR image (b) using SC6000 
camera. 


9.2.3 
High-Speed Recording 


Thermal processes such as heat transfer and temperature changes in microsys- 
tems are mostly characterized by small time constants in the millisecond to mi- 
crosecond range owing to the low heat capacitance or thermal mass. For time- 
resolved thermal imaging, high-speed data acquisition is necessary. The limita- 
tion of the time resolution is given by the response time of the IR camera. For 
cameras with photon detectors the sometimes selectable integration time (mi- 
croseconds to milliseconds) and for cameras with thermal detectors the detec- 
tor time constant itself (some milliseconds) determine the camera response time 
(Section 2.5.5). Accurate temperature values and time-dependent temperature 
changes for transient thermal processes can only be measured if the response 
time of the camera is much smaller than the time constant of the microsystem. 
Therefore, the suitability of cameras equipped with bolometer focal-plane arrays 
and rather large time constants of 10 ms is limited. Instead, mostly photodetector 
cameras are used for transient thermal microsystem investigations. 


9.2.4 
Temperature Measurement 


Accurate temperature measurements by radiation thermometry require an ac- 
curate knowledge of the object emissivity. Emissivity determination of objects 
within microsystems is, however, a complex problem. 

Microsystems are made from a large variety of materials that are commonly not 
well suited for thermal imaging owing to their emissivity properties. Problems ex- 
ist, for example, for highly reflecting materials (metals), semitransparent materi- 
als (glass or silicon), or selectively emitting materials (plastics). Surface modifica- 
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tion by additional colors or emissivity strips as used in standard thermal imaging 
applications fails because this would modify the physical properties of the mi- 
crosystems dramatically. If the determination of absolute temperature values is 
necessary, the emissivity can be determined by tempering the microsystem to a 
known temperature using a climatic exposure test cabinet. The emissivity adjust- 
ment at the camera is changed to measure the known object temperature. The 
object emissivity is given by the correct emissivity adjustment at the camera. The 
emissivity can also be estimated by IR spectroscopic measurements using an IR 
microscope [2]. 


9.3 
Microfluidic Systems 


9.3.1 
Microreactors 


Microreactors are devices in which chemical reactions take place in microchan- 
nels with typical lateral dimensions below 1mm. Microreactors are normally 
operated continuously and offer many benefits compared to conventional-scale 
chemical reactors [4], such as large heat exchange coefficients owing to large 
surface-to-volume ratios. This allows fast and precise cooling, heating, or tem- 
perature stabilization, which are important for strong exothermic and dangerous 
chemical reactions. 

Microreactors are fabricated using metals, glass, silicon, or ceramics. During 
the design process of a microreactor, first a theoretical model is established con- 
sidering many parameters, for example, the chemistry of the reaction process and 
the fluidic properties of the reactants. However, studying reaction products alone 
without a detailed analysis of reactor temperatures and temperature distributions 
is usually insufficient if optimum operation parameters are to be found. Here ther- 
mal imaging comes into play. 

Chemical reactions are connected with heat consumption or heat production, 
so the experimental analysis of the spatial reactor temperature distribution and 
the time-dependent temperature behavior along the reaction channels is impor- 
tant for reactor control. Measured temperatures can be used to verify and to im- 
prove design models. For this purpose, exemplary well known exothermal chem- 
ical reactions are used to characterize a microreactor during operation. Thermal 
imaging then allows one to find optimum operation parameters, that is, it can 
help to optimize reactor construction. The following examples will demonstrate 
the potential of thermal imaging in microreactor technologies. 


9.3.1.1 Stainless Steel Falling Film Microreactor 

The design and operational principle of the falling film reactor are shown in Fig- 
ure 9.4. It can be used, for example, for gas-liquid reactions [5-8]. Figure 9.4b 
illustrates how thin films in the micrometer range are generated on a reaction 
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Figure 9.4 (a) Components of falling film microreactor (total height 10 cm) and (b) a mi- 
crostructured reaction plate of falling film reactor (channel width and depth 300 x 100 or 
1200 x 400 um?) after [1]. (VIS image courtesy: Fraunhofer IMM, Mainz, Germany [6].) 


plate with microchannels. The fluid enters the reaction channels on the top of the 
reaction plate and flows downward to the withdrawal zone at the bottom. While 
the flow direction of the liquid reactant corresponds to the direction of gravity, 
the gas phase reactant can be guided either parallel or antiparallel to the liquid 
phase. 

To detect the zone where the chemical reaction actually takes place and to mea- 
sure fluid equipartition and temperature profiles of the fluid films on the reaction 
plate, a FLIR SC2000 IR camera with a 24° lens was used. To enable thermal pro- 
cess control, the microreactor was equipped with an IR-transparent inspection 
window (626 um thick silicon wafer). In addition, the use of a close-up lens al- 
lowed measurements at a high spatial resolution of about 200 um. This is sufficient 
to reveal details smaller than the characteristic dimensions of the microreactor. 

One of the most important preconditions for an optimum operation of the re- 
actor is the fluid equipartition in the reaction channels. Mostly, the reaction flu- 
ids are transparent in the visible but opaque in the IR spectral region. Therefore, 
the homogeneity of the microchannels can be tested by studying the wetting be- 
havior of the reaction plate using isopropanol under no-reaction conditions by 
thermal imaging in the LW IR region utilizing the emissivity contrast between 
the fluid and the reaction plate material. The isopropanol film was heated above 
room temperature to 30°C by an integrated micro heat exchanger. The emissivity 
of the microstructured reaction plate manufactured in high-alloy stainless steel 
(e x 0.5) differs strongly from that of isopropanol (e ~ 0.9) in the LW IR region. 
Therefore, areas wetted with preheated isopropanol show up with a larger signal 
(indicated as bright white color in the used false color scale), whereas dry areas 
emit less radiation and are indicated in black. This effect was used to image the 
fluid equipartition in parallel channels. In Figure 9.5, a sequence of the initial wet- 
ting behavior at a volume flow of 250 mL h“! isopropanol is shown for a reaction 
plate with 15 channels over a period of 2.5s. It is obvious that a very uniform spa- 
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Figure 9.5 Wetting behavior of a reaction plate with channels 1200 x 400 um? loaded with a 
volume flow of 250 mL h7" isopropanol and heated to 31 °C as a function of time. 


Temperature profile along a line 


32.5 °C 31 
32 Max. 30.3 °C 


9 
g 
=i 
i then a 
a 
3 Min. 29.7 °C 
28 8 
AnS G 29040. 20 30 40 
(a) (b) Distance (mm) 


Figure 9.6 (a,b) IR image with temperature profile of heated reaction plate wetted with iso- 
propanol. 


tial distribution was achieved for each time, since the fluid front moved the same 
distance in all microchannels. 

Heat management plays an important role in many reactions since most reac- 
tion rates strongly depend on temperature. Thermal imaging allows one to record 
temperature profiles across the whole reaction plate with a single measurement at 
a high spatial resolution sufficient to reveal details smaller than the characteristic 
dimensions. Figure 9.6a shows an IR image of the temperature distribution of a re- 
action plate wetted with isopropanol under no-reaction conditions after thermal 
equilibrium has been established. Figure 9.6b depicts a temperature plot along the 
inclined line indicated in the IR image that crosses several microchannels. Apart 
from the reflection of environmental radiation at the bottom of the reaction plate, 
the temperature profile is very homogeneous. The maximum deviation from the 
set value of 30°C amounts to +0.3°C along the line, and for the whole reaction 
plate of the 27 - 65 mm? area it amounts to about +0.5 °C. 

The temperature changes and the spatial temperature distribution of the liquid 
phase during reactor operation can be monitored by thermal imaging analysis 
of an exothermic test reaction with a gaseous reactant [7, 8]. The investigations 
were performed in a batchwise manner: the reaction plate was loaded with a well- 
defined liquid flow of NaOH under stationary conditions, and an overstoichio- 
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Figure 9.7 Heat release of CO, absorption to 25°C. The IR scale corresponds to a span 
into 2.0 M solution of NaOH. CO, was fed into of AT = 2K from blue to red. The blue line 
the chamber from 0 to 6s. The reaction plate indicates a position used subsequently for a 
with channels of 1200 x 400 um? was loaded temporal plot analysis. 

with 250 mL h™', and the temperature was set 


metric amount of pure CO, was fed into the gas chamber in counterflow to the 
falling film. 

The molar concentration of the NaOH solution was 2.0 M, the liquid load of 
NaOH was 250mLh71, and the reaction plate was heated to 25°C by the inte- 
grated heat exchanger. In Figure 9.7, a sequence of IR images illustrates the tran- 
sient upward moving reaction front via the heat release of the NaOH solution 
after opening a valve for CO, supply. 

The varying position of the reaction zone within the series of images can be 
explained as follows. As CO,, which is heavier than air, is fed into the gas chamber 
from the bottom, the reaction front rises as the CO, level increases in the gas 
chamber (Figure 9.7a—d). The gas chamber is completely filled with CO, when 
the top of the reaction front leaves the observable area of the reaction plate and 
the reaction starts to be quenched at the bottom (Figure 9.7e). At t = 5.75s the 
gas chamber is filled with an excess of CO,. The reaction now only takes place at 
the entrance port of NaOH. Then at t = 6 s the CO, supply is stopped. As the CO, 
level in the chamber decreases, the reaction front starts moving again downward 
(Figure 9.7f,g), thereby consuming the remaining CO, in the chamber. Whereas 
the streaming in of the CO, at the beginning of the experiment is a fast process, 
the consumption of the remaining CO, is a slow diffusion process showing a broad 
reaction zone with a small temperature peak. 

The CO, absorption into a 2.0 M solution of NaOH results in a significant tem- 
perature increase of about 0.5°C (Figure 9.8). This temperature increase corre- 
sponds to the theoretically calculated data [9]. 

Such an analysis allows for optimization of the flow rates for the chemical re- 
actants in the microreactor. In particular, it helps to ensure that the chemical 
reaction does indeed take place in the center of the microstructured reaction 
plate as planned. Furthermore, the requirements for the reaction plate cooling (for 
stronger exothermic reactions) can be specified from the temperature increase 
and the spatial temperature distribution across the reaction plate for stationary 
operating conditions. 
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Figure 9.8 Transient temperature profile of CO, absorption into 2.0 M solution of NaOH from 
start until complete consumption of all CO,. The temperature values are averages along the 
blue line indicated in Figure 9.7. 


9.3.1.2 Glass Microreactor 

Glass is widely used in the manufacture of chemical reaction vessels. The use of 
glass is due to its unique physical and chemical properties, for example, its ex- 
cellent resistance to many chemicals, optical transparency, mechanical hardness, 
and high temperature stability. Traditional micromachining technologies known 
from silicon-based processes have been adapted to glass processing. 

Fraunhofer ICT developed a glass microreactor for controlled liquid—liquid 
chemical reactions with strongly exothermic behavior [10, 11]. This reactor, 
shown in Figure 9.9, is made from photoetchable, chemically resistant, and 
temperature-stable Foturan® glass. 

The reacting liquids are injected through input reactants 1 and 2 (Figure 9.9). 
The chemical reaction occurs within the mixing and reaction channels (width ap- 
proximately 120 um). A separate cooling system is integrated in the microsystem 
behind the reaction channels. 


a~ Reactant 1 


a~ Reactant 2 


Cooling 


PT 


Products 


Figure 9.9 Micro glass reactor (total dimen- cooling system not connected) for strongly 
sion of depicted area: 6 x 8 cm?; drain out- exothermic liquid-liquid reactions after [1]. 
puts blue, reactant 1 inputs gray, reactant (VIS image courtesy Fraunhofer ICT, Pfinztal, 
2 inputs yellow, colors refer to left image, Germany [11].) 
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Figure 9.10 Test of microreactor with HO (80 °C) without (a) and with (b) cooling (IR image for 
€ & 0.9) recorded with an AGEMA THV 550 camera. 


E 23.0 °C 


Figure 9.11 A dilution reaction of 96% sulfuric acid with water in the glass microreactor oc- 
curred in the drain owing to unfavorable fluid flows at equilibrium. 


Thermal imaging of glass microreactors became possible because Foturan® 
glass is fortunately semitransparent within the wavelength region of 3-5 um. The 
raw data signal of a MW camera measured for a blackbody with a temperature of 
50°C will drop to 50% if a 1 mm thick Foturan® glass plate is placed in front of the 
camera. Therefore, thermal processes inside the reactor can be easily observed 
using a MW camera. 

During the first tests with hot water (T ~ 80°C), strong temperature inhomo- 
geneities were found (Figure 9.10). These inhomogeneities were amplified when 
additional cooling was applied with room temperature water. Such results can be 
used to optimize the assembly of the reacting and cooling channels. 

For the characterization of the reactor operation within an exothermal chemical 
test reaction, sulfuric acid (96%) was diluted with water. As shown in Figure 9.11, 
the flow rates or flow rate ratio of the reactants was unfavorably selected. There- 
fore, the chemical reaction did not occur in the microchannels as desired but was 
uncontrolled and without necessary cooling within the drain. 

Figure 9.11 demonstrates that temporally and spatially resolved thermography 
is a powerful method for adjusting and controlling process parameters in chem- 
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Figure 9.12 Cutaway view of silicon microreactor and IR image of reaction channels filled with 
hot water (arrows: flow directions). 


ical microreactors. The results of experiments with varying flow parameters are 
used to improve the design of the microreactor to ensure a homogeneous and 
controlled chemical reaction inside the reaction channels. 


9.3.1.3 Silicon Microreactor 

Silicon is the best-known and best-mastered material in microtechnology. Its large 
mechanical strength, very good thermal properties, and a good chemical stability 
of silicon combined with the well-established silicon micromachining technolo- 
gies offer excellent possibilities for fabricating microreactors. Such reactors are 
suitable for chemical reactions at elevated temperatures and pressures. 

Silicon is nonabsorbing in the MW region and is characterized by a flat wave- 
length dependence of the transmission at about 50% (Figure 1.48). In the LW re- 
gion absorption features affect transmission (Section 1.5.4). However, for the typ- 
ical thickness of a silicon wafer below 1 mm transmission decreases by only 10% 
compared to the MW range (Figure 1.50). Therefore, temperatures of the chem- 
ical reactants inside silicon microreactors can be analyzed by either MW or LW 
cameras. 

The silicon microreactor shown in Figure 9.12 was developed for process- 
controlled strong exothermic liquid—liquid chemical reactions within nine paral- 
lel microchannels (channel width approximately 300 um). The special geometry 
and the configuration were designed using computer simulations to allow opti- 
mum mixing of the reactants. 

The silicon microreactor was tested, for example, for the nitration of diethyl 
urea with N,O;. The thermal imaging of this reaction results in an unexpected 
result. Contrary to expectations, inhomogeneous reactions occur with hot spots 
along the reaction channels (Figure 9.13). Depending on the pressure, the flow 
rates, and the temperature of the reactants within the reaction zone, the IR images 
show time-dependent localized hot spots like “thunderbolts” in different reaction 
channels. 

So far, the reasons for these unexpected results are unknown. Obviously, Fig- 
ure 9.13, however, nicely demonstrates how temporally and spatially resolved 
temperature distributions are extremely valuable tools for reactor optimization. 
The thermal imaging results led to a complete redesign of the structures and the 
geometries in order to get a homogeneous and continuous distribution of the 
chemical reaction across the whole reactor. 
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Figure 9.13 Thermal imaging of a nitration reaction of urea in silicon microreactor, recorded 
with THV 550 MW camera. The numbers indicate the elapsed time after start of reaction. 


9.3.2 
Micro Heat Exchangers 


Micro heat exchangers are heat exchangers with microchannels for flowing flu- 
ids; typically their dimensions below 1mm. Such microscale thermal devices 
with very large surface-to-volume ratios are motivated by the fact that the heat 
transfer coefficient increases if the channel diameter and the channel distance 
decrease [12, 13]. Micro heat exchangers are fabricated using metals, glass, sili- 
con, or ceramics. Like microreactors, micro heat exchangers made of silicon and 
glass can be analyzed by thermal imaging during operation. An example of such 
a thermal analysis will be demonstrated for a glass micro heat exchanger. 

The US company Invenios has special know-how in the development of mi- 
crostructured glass components [14]. One of the developments of Invenios is a 
micro heat exchanger made from photoetchable Foturan® glass. This type of glass 
was also used in a cover for a glass microreactor. 
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Figure 9.14 (a) Assembly of micro heat exchange system and (b) an IR image (MW AGEMA 
THV 550 camera) of the primary circuit with hot water flow inside. 
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The assembly of a micro heat exchange system is shown in Figure 9.14. The pri- 
mary and secondary circuits consist of identical meander structures. The chan- 
nels of the primary and secondary circuits are directly on top of each other and 
separated by a Foturan® glass plate with a thickness of 200 um. Both circuits 
branch out to five meanders with a channel width of approximately 700 um. 

Applying temporally and spatially resolved thermography, the thermal pro- 
cesses and the heat transfer in the micro heat exchanger can be studied precisely. 
The different operation methods (parallel and antiparallel mode, that is, cocurrent 
and countercurrent flow) can be characterized very accurately (Figure 9.15). 

The IR images show very smoothly varying temperatures across the heat ex- 
changer. Owing to the small temperature gradient, the system operation is re- 
markably homogeneous. This is shown in Figure 9.16. Obviously all five mean- 
ders show about the same temperature gradient, especially for antiparallel flow 
operation. 

Time-resolved thermal imaging offers the possibility for a detailed analysis 
of thermal processes as shown for antiparallel flow in Figure 9.17. The time- 
dependent temperatures at selected measuring spots can be used to determine 
the time response and the heat transfer efficiency. The statistically occurring 
spikes of the temperatures are caused by small air bubbles within the channels. 


Parallel mode 


t= 0.5 min t=1.5 min 
60.0 °C 
60 
40 
30.0 °C 
(b) 
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60.0 °C 
r 60 
i pe 
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(c) (d) 
Figure 9.15 IR image of primary circuit mary circuit are marked by red arrows and 
(AGEMA THV 550). Temperature rise of heat the cooling water input (T = 25 °C) is marked 
exchanger at parallel flow (a,b) and antipar- by a blue arrow. At t = 0 the hot water flow 
allel flow (c,d) after 30s (a,c) and 90s (b,d). was started while the cold water was running 


Input (water at T = 60°C) and output of pri- continuously. 
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Figure 9.16 Temperature profiles from Fig. 9.15c (line from right to left) along selected mean- 
ders after about 30s (antiparallel primary and secondary circuit, noncalibrated temperatures). 
Meander 1 is partially covered by the housing. 
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Figure 9.17 (a,b) Time-dependent temperatures at selected test points (antiparallel flow). 


The corresponding apparent temperature change is caused by the change of 
emissivity between water and air. 


9.4 
Microsensors 


9.4.1 
Thermal IR Sensors 


The performance of thermal radiation sensors is determined by the efficiencies 
and the properties of the two transduction steps first from incident radiation 
power to temperature change (Section 2.2.3) and second from the temperature 
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change to the electrical output signal (Section 2.4.5). Usually responsivity and 
time constant measurements for thermal radiation detectors utilize both trans- 
duction steps simultaneously. For a more detailed analysis, however, the charac- 
terization of each individual transduction step would be desirable. The first step 
from energy deposition in the sensor element to temperature increase is of partic- 
ular interest because two of the most important thermal parameters, heat capac- 
itance and thermal conductance, can be determined directly from this transduc- 
tion process. The following examples will demonstrate the potential of thermal 
imaging for characterization of thermal IR sensors. 


9.4.1.1 IR Thermopile Sensors 

Radiation thermocouples are probably the oldest IR detectors [15]. They utilize 
the Seebeck effect [16] (Section 1.7.2.1, Figure 1.68) for signal generation and 
consist of alternate junctions of two different materials. Alternate junctions are 
defined as hot and cold junctions. For any temperature difference between the 
alternate junctions, a voltage is generated that is proportional to the tempera- 
ture difference. To increase their voltage responsivity, a large number of individ- 
ual thermocouples are often combined to form thermopiles. Thermopiles exhibit 
lower responsivities compared to other thermal detectors such as bolometers or 
pyroelectric detectors. However, thermopiles do not require a bias for operation 
and exhibit low noise at low frequencies. Thermopiles are frequently used as IR 
sensors in pyrometers because of their excellent properties in DC operation not 
requiring temperature stabilization, in contrast to bolometers (Section 2.2.3). 

A typical thermopile used as an IR sensor is shown in Figure 9.18. It consists of 
72 thermocouples with one type of junction (“hot junction”) in the center of a thin 
micromachined SiN, membrane and the other type (“cold junction”) connected 
to the outside silicon substrate [16, 17]. The IR radiation must be absorbed on 
the thermopile in order to be detected, so the center is coated with an absorption 


(a) (b) 


Figure 9.18 Visible microscope image (a) and IR image (b) (homogeneous temperature distri- 
bution, emissivity contrast only) of a thermopile (with 72 thermocouples) in stationary thermal 
equilibrium. 
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(a) (b) 

Figure 9.19 Thermopile operated as a Peltier comparison, an image without applied volt- 
element: an electrical voltage is applied to age is shown (b). The false color scale differs 
the thermopile detector such that the ther- from that in Figure 9.18. 


mocouples in the center are heated (a). For 


layer (500 um diameter and about 1 um thickness). The IR image (Figure 9.18) of 
a homogeneously tempered thermopile (sensor temperature slightly higher than 
ambient temperature) is only owing to emissivity contrast, that is, the emissivity 
difference between the absorption layer and the surrounding sensor area. 

The absorption layer should define the radiation-sensitive area. However, inci- 
dent radiation is also partially absorbed on the uncovered membrane area, which 
causes an additional contribution to the temperature increase of the membrane. 
Therefore, the sensor exhibits a larger radiation-sensitive area as defined by the 
size of the absorption layer. This undefined radiation-sensitive sensor area can 
cause problems in quantitative application of the sensors. 

The Peltier effect is a reverse Seebeck effect (Figure 1.68), and a thermopile 
consequently represents a Peltier element if it is operated accordingly [18]. If a 
voltage is applied to the thermopile, one type of junction is heated up and the 
other type is cooled down. The direction of the applied voltage determines which 
type is heated or cooled. Figure 9.19 depicts a thermopile detector operated as a 
Peltier element. 

The used polarity of the voltage causes a heating of the junctions in the center 
of the membrane. The corresponding temperature distribution on the radiation- 
sensitive sensor area is determined by the value of the applied voltage. If a voltage 
pulse is applied, the sensor time constant can be determined as well. 

The spatial sensitivity distribution is usually determined by a laser microprobe 
using a spatial scan of a focused laser beam. The detector signal is measured for 
the different laser beam positions at the sensor area. Figure 9.20c,e depicts a 2D 
sensitivity profile and a sensitivity false color representation of the spatial sensi- 
tivity distribution resulting from such a laser spot measurement. These results 
can be compared with the thermal imaging results for the Peltier element oper- 
ation of the thermopile (Figure 9.20a,b,d). Obviously, the thermal imaging gives 
the same results as the laser spot measurement with respect to the spatial sensitiv- 
ity distribution of the sensor. However, the IR measurement by thermal imaging is 
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(d) (e) 

Figure 9.20 IR image of a thermopile oper- laser spot measurement (c). False color repre- 
ated as a Peltier element with heated ther- sentation of temperature distribution (d) ow- 
mocouples in the center (a). Comparison of ing to Peltier effect with IR imaging and of 
temperature line profile of center heated ther- spatial sensitivity distribution with laser scan- 
mopile (b) with 2D sensitivity profile from ning (e). 


advantageous compared to the laser spot measurement because the sensor is char- 
acterized in the same IR spectral region where it is used, whereas for laser spot 
measurements characterization is due to visible laser radiation. Also, IR imaging 
needs no scanning, that is, it allows a much faster testing of the sensors. 

If the thermopile is operated with a square wave pulsed voltage, the sensor 
time constant can be determined from the temperature rise and decay during 
the Peltier element operation (Figure 9.21). For the determination of the time 
constant, the raw signal data (representing the radiance) were used. Owing to the 
fact that there is only a small change in the sensor temperature of several degrees 
Celsius, one can assume a linear relation between radiance and temperature. 
The determined 40 ms time constant accords well with the results of frequency- 
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Figure 9.21 Time-resolved measurement of emitted radiation (raw data signal) for center 
heating (a) and center cooling of thermopile (b) owing to Peltier effect during a 250 ms square 
wave voltage pulse (integration time 0.75 ms, 1 kHz frame rate). 


dependent sensitivity measurements using modulation and signal rise/decay 
measurements with pulses of incident radiation. Temperature rise and decay are 
characterized by slightly different time constants. This behavior is caused by the 
complex thermal conditions within the heated thermopile area [12]. Thermal en- 
ergy is generated by the electrical heating at the center of the membrane structure. 
The transient heat transfer in the structure is, however, initiated by convection 
to the surrounding gas and by the 2D heat conduction into the substrate (outside 
the membrane structure). 


9.4.1.2 IR Bolometer Sensors 

Microbolometers play a very important role in the IR industry (Chapter 2). The 
excellent achievable detector performance of microbolometers can be used not 
only for IR thermal imaging but for other applications as well, for example, for 
nondispersive gas detection, pyrometry, or IR spectroscopy applications. There- 
fore, a technology to produce single microbolometers and measurement tech- 
niques for characterizing bolometer performance, including microthermography, 
have been developed [19]. 

A single bolometer consists of a thin layer of a material with a high temperature 
coefficient of resistivity (TCR) with electric contacts (Section 2.2.3). The layer is 
thermally insulated from the surroundings. Figure 9.22a,b depicts the layout of a 
single microbolometer. 

A bulk micromachining technology based on anisotropic silicon etching was 
used [19]. First a silicon substrate was covered with a thin Si,N, layer forming the 
membrane for the bolometer structure. A new bolometer material with a high 
TCR of —2.5 to -3% K-t was developed. For perfect conversion of the incident 
radiation to heat, an absorbing layer structure (maximum absorbance 0.95, ad- 
justable wavelength for maximum absorbance within 2-14 um) was evaporated 
on top of the sensor area. Finally, an inverse pyramid shape cavity of 500 x 500 um? 
was etched into the silicon substrate. KOH is a wet etch that attacks silicon pref- 
erentially in the (100) plane, producing a characteristic V etch, with (111) planes 
as sidewalls that form a 54.7° angle with the surface [17, 20]. The bolometers are 
thermally insulated from the silicon substrate by supporting legs, which simulta- 
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Figure 9.22 Layout (not correctly scaled) of | bolometers with support legs (c). Mounted 
microbolometer structure (a) and top view of | microbolometer and complete microbolome- 
bolometer (b). Visible microscope images of ter with housing (d). (Image courtesy of iris 
micromachined 250 x 250 and 100 x 100 um? GmbH, Berlin, Germany.) 


neously act as electric contacts. Bolometers with pixel pitches of 100 and 250 um 
were tested. Figure 9.22c,d depicts a microscopic image of the bolometers after 
complete technological process (c) and of a bolometer in a TO housing (well- 
known semiconductor package system mainly used for transistors; d). The pack- 
aging can be completed by mounting of a transistor cap with an IR transparent 
window. 

The heat capacitance Cy, and the heat conductance G,, of the bolometer struc- 
ture are important parameters for the performance of the bolometer [21] (Sec- 
tion 2.2.3). Therefore, the thermal design of the microbolometer structure has a 
strong influence on the performance of the detector. The voltage responsivity de- 
pends reciprocally on Gy, and the time constant of the sensor equals the ratio of 
Cy, to Gy, (Figure 2.2). 

Within the layout process, a detailed thermal analysis of the structures was 
done. To compare the results of the numerical simulation with the parameters 
characterizing the processed bolometer structures and for further improvement 
of the detector performance, the two values Cp and G,, must be determined 
separately. Usually these two parameters are determined experimentally from 
time constant and sensitivity measurements. To increase the accuracy of the de- 
termination of these two parameters, an electrical measurement combined with 
microthermography has been developed utilizing the self-heating process of the 
bolometer if a voltage is applied [19]. Figure 9.23 depicts the self-heating of the 
100 um bolometer owing to the applied voltage. The thermal conductance can 
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(a) (b) 


Figure 9.23 IR image of a 100 x 100 um? microbolometer electrically heated by an applied 
voltage pulse without voltage (a) and with applied voltage (b). 
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Figure 9.24 Bolometer temperature riseand time 0.8 ms, frame rate 430 Hz). Fit curves of 
decay (measured as the raw data camera sig- the signal rise and decay by exponential func- 
nal) during an applied 50 ms voltage pulse tions led to a time constant of 4.7 ms (rise, red 
(FLIR SC6000 camera parameters: integration curve) and 3.4 ms (decay, green curve). 


be determined from the ratio of the electric power dissipated in the bolometer 
structure and the observed temperature change. 

The temperature of the bolometer during this self-heating process can be ana- 
lyzed using microscopic thermal imaging for direct temperature determination or 
from the changed bolometer resistance with the known temperature-dependent 
bolometer resistance. For the 100 x 100 um? bolometer depicted in Figure 9.23, a 
heat conductance of Gy, = 4 yW K~! was determined. 

In addition, a time constant of about 4ms of the microbolometer was deter- 
mined from transient thermal imaging during pulsed heating and the subsequent 
cooling process (Figure 9.24). As in the analysis of the miniaturized emitters, dif- 
ferent time constants for temperature rise and decay were found. The heat ca- 
pacity was determined from the heat conductance G,, = 4 yW K~! and the time 
constant T % 4ms to be Cy, © 1.6 - 1078 J K7. 

Furthermore, the thermal images of the electrically self-heated bolometer 
can be used to analyze the homogeneity of the temperature distribution on the 
bolometer area and the temperature drop owing to thermal conductivity of the 
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Figure 9.25 Spatial sensitivity distribution spot measurement. (b) False color represen- 


determined by a laser spot measurement and tation of spatial sensitivity distribution from 
thermal imaging of a 100 x 100 um? bolome- the laser spot measurement. (c,d) IR image of 
ter. (a) 2D sensitivity distribution from a laser heated bolometer with raw signal line profile. 


supporting legs of the bolometer. The IR image of the self-heated bolometer in 
Figure 9.25 allows one to estimate the spatial sensitivity distribution. Owing to 
the fabrication process, any effects increasing the effective detector area can be 
excluded. These results are confirmed by the results of laser spot and IR imaging 
measurements (Figure 9.25). 


9.4.2 
Semiconductor Gas Sensors 


Gas sensors are of prime industrial interest because of their applications in im- 
portant fields such as security, environment, control, automotive, and domestic 
applications. A particularly interesting class of gas sensors is based on the resistiv- 
ity change of metal oxide semiconductor thin films (e.g., made of SnO,) induced 
by adsorbed gases. The reversible reactions of adsorption and desorption of dif- 
ferent gases are controlled by the operational temperature (an integrated heater 
on the sensor chip makes it possible to vary the temperature between 150 and 
900°C) and the type of metal oxides used. Such sensors allow for the analysis of 
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Figure 9.26 Photo of a sensor chip (size approximately 5 x 5 mm?) and IR image (with a green 
isotherm AT = 12 K) of metal oxide gas sensors after [1]. (VIS image courtesy: Fraunhofer IPM, 
Freiburg, Germany [22].) 
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Figure 9.27 Temperature distribution on chip. The center of the temperature plateau corre- 
sponds to the center of the chip. 


various trace gases such as CO,,, NO,, NH3, and hydrocarbons down to minimum 
concentrations in the lower parts-per-million range. 

Over the last few decades, mostly thick-film devices have been used, although 
their inherent high power consumption is undesirable, especially for portable sys- 
tems. Meanwhile, the technological problems associated with the production of 
thin-film devices have been solved, and Fraunhofer IPM [22] develops gas sensor 
arrays for implementation in commercial systems based on the combination of 
thin-film deposition techniques, CMOS-compatible microfabrication, and bulk 
silicon micromachining. As an example, Figure 9.26 shows such a sensor com- 
posed of four quadratic gas-sensitive areas with the heater in the center of the 
chip. 

As in the thermopile and bolometer studies, thermal imaging was used to ana- 
lyze the surface temperature of the sensors, the thermal response time to heat up 
the sensor to the operational temperature, and the spatial temperature distribu- 
tion on the chip (Figures 9.26 and 9.27). The temperature distribution across the 
sensitive sensor area is very homogeneous, with AT x 10K. 
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Figure 9.28 Time-dependent temperatures at sensor areas (SP01-SP04) during heating of 
chip. The heater temperature (SP05) is slightly higher. 


The time response during heating is shown in Figure 9.28. All four sensors show 
nearly the same behavior during the time-dependent temperature rise with devia- 
tions below 2 K. The heating process shows two time constants (very fast heating 
up at the beginning and then a slow temperature increase). Because the sensi- 
tivity strongly depends on the sensor temperature, these results are now used to 
optimize the chip structures to obtain short time constants of the gas sensor. 


9.5 
Microsystems with Electric to Thermal Energy Conversion 


Thermal imaging allows for the thermal characterization of miniaturized sys- 
tems that transform electrical energy into thermal energy, for example, electri- 
cally heated radiation emitters, Peltier elements, or cryogenic actuators. For op- 
timum operation of these systems, the efficiency of energy transfer, the absolute 
temperature values, and the temperature distribution during operation, as well as 
characteristic thermal time constants, are important. 


9.5.1 
Miniaturized IR Emitters 


New micromachined thermal IR emitters in TO-39 housing with a protective cap, 
reflector, or IR-transparent window are available for compact IR spectroscopy ap- 
plications and nondispersive IR (NDIR) gas analysis [23]. Typical emitter areas 
are in the range of several square millimeters. Figure 9.29 depicts two types of 
miniaturized IR emitters. The miniaturized emitters consist of a resistive heating 
element on top of a thin insulating membrane suspended by a micromachined 
silicon substrate. Owing to the low thermal mass of the MEMS structure (heated 
membrane with a thickness in the micrometer range), these emitters exhibit a 
time constant in the millisecond range. The maximum emitter temperature is up 
to 750°C. The emitters are characterized by wavelength-independent large emis- 
sivity values (typically 0.95 in the 2-14 um range), low electrical power consump- 
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(a) (b) 


Figure 9.29 VIS microscope images of two types of commercial miniaturized emitters. (a) Type 
1, maximum temperature 450°C, emitter area 2.1 xX 1.8 mm?. (b) Type 2, maximum tempera- 
ture 750°C, emitter area 2.8 - 1.8 mm?. 


tion, high electrical to IR radiation output efficiency, excellent long-term stability, 
and reproducibility. One of the most important benefits of these emitters is the 
possibility of fast electrical modulation with high modulation depth (typical 80% 
at 10 Hz), that is, a chopper wheel for radiation modulation is no longer needed. 

Using microscopic and high-speed thermal imaging during emitter operation, 
the time constant and the temperature distribution can be analyzed as shown 
in Figures 9.30 and 9.31, respectively. The spatial temperature distribution influ- 
ences the angular dependence of the emitted radiation. 

The radiance measurements indicate a spatially varying temperature distribu- 
tion across the emitting area. This behavior is caused by the construction of the 
miniaturized emitter. The heated area is placed on a membrane area that is con- 
nected to the silicon substrate at its edges. A large part of the heat generated in the 
element is transported by thermal conduction to these edges via the membrane 
material. Owing to the large thermal conductance of bulk silicon, the tempera- 
ture at the edges will not increase during heating of the membrane. Therefore, the 
maximum temperature is achieved at the center of the membrane. The IR image 
of the type 1 emitter exhibits additional lines with reduced radiance (Figure 9.30c, 
left). These lines, which are also visible in the microscopic image (Figure 9.29), are 
the contact lines for current supply to the emitter. They are made of metal with 
reduced emissivity. Therefore, the emitted radiance is also reduced. 

A time constant of T ~ 32 ms is determined from the measurement of the tem- 
perature signal of the emitter surface temperature during voltage pulsed opera- 
tion of the IR emitter (Figure 9.31). In terms of frequency response, the emitter 
represents a low-frequency pass and can be characterized by a limiting frequency 
f =5Hz for wr = 1 operation. 
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Figure 9.30 Thermal images of stationary 
spatial radiance distributions at emitter sur- 
faces - (a) type 1, (b) type 2 - without (left) 
and with (right) applied voltage. (c) 2D plots 


emitter surfaces of type 1 (left) and type 2 
(right) with applied voltage. (d) Line profiles 
of respective measured raw data for applied 
voltages. 


of measured raw data signal distributions on 


9.5.2 
Micro Peltier Elements 


Micro Peltier coolers for spot cooling or temperature stabilization and micro ther- 
mogenerators are in high demand for many micro- and optoelectronic applica- 
tions owing to the increase of miniaturization in these technological fields. Ex- 
amples are chip cooling in microelectronics or temperature control for telecom- 
munication lasers. 

Peltier coolers and thermogenerators offer the typical advantages of microsys- 
tems, such as short response time and small area combined with a high ther- 
moelectric energy conversion. Infineon Technologies AG and Fraunhofer IPM 
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Figure 9.31 Determination of time constant 
from transient temperature signal of emitter 
surface temperature for emitter type 1 fol- 
lowing 500 ms square wave electrical pulse 
(measurement at 600 Hz frame rate and 

0.8 ms integration time; spot temperature 
measurement at center of emitter surface). 
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Figure 9.32 Miniaturized thermoelectric 
elements compared to a “classical” Peltier el- 
ement after [1]. (VIS image courtesy: Fraun- 
hofer IPM, Freiburg, Germany [22].) 


developed the first Peltier devices based on the V-VI compounds Bi, Te, and 
(Bi,Sb), Tes, which can be manufactured by means of regular thin-film technol- 
ogy, in combination with microsystem technology [24] (Figure 9.32). Nowadays 
dimensions of as small as 1 x 0.5 mm? can be achieved. 

MicroPelt®, the new generation of thermoelectric components, was analyzed 
by thermography. Some examples are shown in Figures 9.33 and 9.34. Such op- 
timized elements offer many outstanding properties, such as cooling densities 
> 100 W cm~™?, achievable temperature differences AT > 40K, and a time re- 
sponse on the order of 10 ms [25, 26]. Obviously, contactless IR imaging tech- 
niques are extremely useful for temporally and spatially resolved characterization 
of the surface temperatures of these systems. 


9.5.3 
Cryogenic Actuators 


Cryo grippers from NAISS GmbH in Berlin, Germany [27], are a new patented 
kind of grippers that form a connection between the grippers’ contact surface and 
the object under study with freezing vapor (Figure 9.35). This method can be used 
for any hydrophilic material. The resulting connection creates a high holding force 
without straining the material. Cryo grippers can be used for automatic handling 
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Figure 9.33 Side and top view ofa MicroPelt® Peltier cooler as VIS photos (a) and IR images 
before (b) and while (c) applying a voltage pulse after [1]. (VIS image courtesy: Fraunhofer IPM, 
Freiburg, Germany [22].) 
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Figure 9.34 Two different time responses of miniaturized Peltier cooler from a thermography 
measurement (square pulsed voltage - blue curve; step pulsed voltage - red curve). A typical 
IR image is shown in the inset. 


of microprobes without applying any tension force. The probes may be permeable 

to air, made of nonrigid materials, or of miniaturized components. 
Time-resolved thermography is a powerful tool for optimizing the handling 

process (cooling and heating). Gripping is based on water vapor near the material. 
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Figure 9.35 Photo of cryogenic actuator and IR image (recorded at an angle from below the 
gripper) during cooling (after [1]). (VIS image courtesy: NAISS GmbH, Berlin, Germany [27].) 
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Figure 9.36 Time-dependent temperatures at cryogenic actuator during cooling and heating. 


An integrated nozzle in the holder is used to spray the water vapor on the grip- 
ping spots only. The freezing of the vapor is due to a Peltier cooling element. This 
ensures freezing of small amounts of water within a second. Actuators work by 
picking up probes and dropping them at their destination. For dropping probes, 
the frozen vapor (i.e., ice) will be liquefied again by heating. Besides melting, the 
heating also dries by vaporizing the material at the same time. The whole task 
takes only a few seconds. 

To optimize the gripper, a detailed knowledge of the thermal properties at the 
top of the gripper is necessary. Therefore, time-resolved measurements of the 
temperature distribution were carried out. Figure 9.36 shows the temperatures 
at the top of the gripper during periodic freezing, transporting, and heating of 
the system. From these results the operating parameters, that is, the current for 
the Peltier cooler/heater at the top of the gripper with regard to the cycle times, 
are optimized. 
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Chapter 10 
Selected Topics in Industry 


10.1 
Introduction 


Applications in industry of IR imaging are manifold. In this chapter, a number of 
different topics are discussed, starting with the general issue of predictive mainte- 
nance (PdM) and condition monitoring (CM). These are relevant for all kinds of 
industry, but here we give examples from power plants, the petrochemical indus- 
try, polymer molding, fire testing, and a variety of electrical utilities. We proceed 
with examples from the metal industry at high temperatures, including a discus- 
sion of the problem of emissivity. 

In the following sections, specific quality control, safety enhancement, and re- 
search applications are presented from different fields, for example, automobiles, 
airplanes, spacecraft, and surveillance and security. After further treatment of 
plastic foils, we end the chapter by an extensive discussion of the new emerging 
field of IR remote sensing, in particular IR imaging with drones. 


10.2 
Miscellaneous Industrial Applications 


10.2.1 
Predictive Maintenance and Quality Control 


In the preceding chapters of this book exemplary applications of thermography 
in various fields were presented. Nowadays, thermography is so widely used in 
industry that it is no longer possible to give examples from all application areas. It 
is, however, possible to identify the fundamental application fields of IR thermal 
imaging in industry. Thermography is, on the one hand, mostly used as a tool in 
CM within PdM programs. On the other hand, it offers some unique possibilities 
in the field of quality control. 

PdM programs are major tools in industry that are used to reduce costs in the 
long term. In general, PAM using CM techniques should help determine the con- 
dition of in-service equipment in order to predict when maintenance should be 


Infrared Thermal Imaging, Second Edition. M. Vollmer and K.-P. Méllmann. 
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performed in order to avoid system failure. The goal is for repair or maintenance 
tasks to be performed only when needed. Ideally, maintenance may also be sched- 
uled in advance when it is also most cost-effective, for example, during regular 
shutdown periods of the machinery. This method is much cheaper than time- 
based maintenance programs, where parts are maintained or replaced not be- 
cause they may need it, but because a predefined time interval has passed. 

To monitor when equipment or parts of it loses optimum performance, PAM 
programs use CM. In CM, inspections of equipment are performed while it is in 
service, that is, CM should not affect regular system operation, but at the same 
time it should give reliable information on significant changes in equipment pa- 
rameters that are indicative of a developing failure. 

Besides qualitative visual inspections that are cheap and quite reliable if per- 
formed by experts, the most common CM techniques — depending on the equip- 
ment to be tested — are the following nondestructive testing methods: 


e Vibrational analysis (in particular, of equipment with rotating parts, using seis- 
mic, piezoelectric, or eddy current transducers, combined with fast Fourier 
transform analysis); 

e Oil inspections (spectrographic analysis of chemical composition of oil); 

e Ultrasound (mechanical applications, high-pressure fluid flows); and 

e Thermography. 


In recent years, IR analysis with thermography has become an important tool 
since high surface temperatures of parts are often indicative of a developing failure 
of components, for example, of degrading electrical contacts and terminations. It 
may also detect a multitude of other thermal anomalies like missing or rotting 
thermal insulation around tubes or leakages from tubes and valves. In all tests, 
a deviation from a reference value (e.g., a specific vibration behavior, oil quality, 
temperature value) must occur to identify impending damage. 

Quality control is another important factor in any industry. It should ensure that 
given industrial products have properties as designed. Quality control, therefore, 
deals with failure testing in the design and production of products. Obviously, 
all kinds of destructive as well as nondestructive test methods may be applied. 
Again, thermography is a nondestructive test tool that has the advantage of being 
contactless while measuring the thermal properties of products either during or 
after manufacture. 

Obviously, there are many applications of thermography in the fields of PdM, 
CM, and quality control [1-3]. Examples have been reported for fossil [4], gas [5], 
and nuclear power plants [6, 7], an electrical power converter system with a ca- 
pacity of 3 GW [8], the chemical and petroleum industry [9], coal mines [10], 
the sand mining industry [11], the sugar industry [12], the paper industry [13- 
15], acrankshaft production line [16], the inspection of marine vessels [17, 18] or 
pipelines [19, 20], refineries [21, 22], large mail distribution centers [23, 24], solar 
panel inspections using lock-in techniques [25], wind energy rotor blade inspec- 
tions [26], and cooled food in supermarkets/grocery stores [27]. 

Each application would deserve a section of its own. Here we present only a few 
examples: first, PAM of tubes and valves in a power plant; second, detection of 
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the levels of liquids in large storage tanks in the petrochemical industry; third, an 
example of quality control in the production line of bicycle helmets using polymer 
welding techniques; and fourth rack-storage fire tests. The wide field of electrical 
applications is discussed in a later section. 


10.2.2 
Pipes and Valves in a Power Plant 


Power plants are very complex systems that have a large variety of equipment 
ranging from electrical to fluid dynamic components. For most parts of the equip- 
ment, thermal signatures provide important information for CM systems. There- 
fore, thermography is already in common use as an established technique for 
power plant PdM programs. Many examples for early detection of problems have 
been reported [6, 7]. They include the detection of hot spots in a cable connection 
for a large chiller, a hot bus bar connection in a critical panel, a complicated com- 
pressor issue, hot spots on a terminal board, remote monitoring for pump seal 
leakage, leak detection of critical valves, evaluation of loading on compressors, 
and the study of hot spots in generator equipment, switchyard equipment, and 
motor control centers. Because of the complexity of power plants, it has proven 
important to prepare careful documentation of detected irregularities in the form 
of case histories, which enter, for example, a component health database. This can 
also help to judge the severity of an identified anomaly and give hints as to the 
most important question of how long a component that is showing irregularities 
will last. 

Figure 10.1 shows an example of remote monitoring of a pump seal leakage from 
a high-energy feed pump. Recording IR images of leakage from remote drain pip- 
ing eliminates the need to enter the room, providing a safer means of monitoring 
the equipment condition. If the temperature remains constant in the piping pro- 
file, the leakage should also remain relatively constant. The repair can be deferred 
until the end of a 2-year cycle. 


Spot 93.6 °F 


Box 
Max. 100 


Min. 92.5 
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rH = 50%, 
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= 80.0 Dist. = 5.07, 


refi = 80.0 = 0.95 


Figure 10.1 IR images of a seal leak (a) and of a companion pump without leak (b). (Images 
courtesy Michael J. Ralph, Exelon Nuclear.) 
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Figure 10.2 Photo of drain valve arrangement (a) and IR image of hot pipes from leaking drain 
valves (b). (Images courtesy Michael J. Ralph, Exelon Nuclear.) 


Figure 10.2 shows an IR image and the corresponding photo of drain lines with 
leaking valves from the main steam lines. This leakage had minimal effect on 
plant efficiency, but it was causing concern over the waste-processing equipment, 
which handled the inputs of high-temperature water. It was imperative to accu- 
rately identify which of potentially dozens of valves were leaking in order to make 
the repair during a scheduled refuel outage. 


10.2.3 
Levels of Liquids in Tanks in Petrochemical Industry 


The petrochemical industry makes intensive use of IR thermal imaging not 
only for the detection of volatile organic compounds with GasFind cameras 
(Chapter 8) but also for other equipment [21, 22]. As an example, the process 
conditions within oil field production vessels can be studied with IR thermal 
imaging [28, 29]. 

In particular, thermography was used to monitor the crude oil conditions in 
various storage, treatment, and transfer tanks used in oil production fields, and 
it was shown that the levels of liquids and solids in tanks and vessels were easily 
detected with thermography. Thermography is useful for locating levels in tanks 
and silos since other methods are often unreliable. The need for precise informa- 
tion is often critical, for example, to verify whether there is still enough space in 
a tank to be filled. 

The primary focus in the example presented in what follows was to ensure that 
foaming, solids, and other crude oil process conditions are known and properly 
handled to optimize the cost of handling, processing, and transferring. The tech- 
nique has been demonstrated for the production of gunbarrel tanks, water storage 
tanks, oil storage tanks, oil heaters, and production vessels. 

A gunbarrel is a large tank that is used to separate oil from water as it flows 
from the production wells. Such tanks typically range from 500 barrels up to 
10 000 barrels (1 barrel corresponds to a volume of ~ 159 L). They are made of 
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either steel or fiberglass and are usually painted black. Gunbarrels are located 
within a tank battery, which also includes a number of oil and water storage tanks 
and a unit to monitor the oil being sold to the pipeline companies. If the con- 
taminants in the oil (water, sediment, and other matter) exceed a preset limit, 
usually 1%, the oil is diverted back to a storage tank for treatment. This oil will 
go through another treating process to be within acceptable limits before it can 
be introduced back into the sales tank. The gunbarrel is a vital part of the crude 
oil sales and water-treating process. The crude from the producing wells goes 
directly into the gunbarrel, where the gas, oil, water, and small amounts of solids 
go through a separation process. The oil separates and floats upward, and the gas 
also goes to the top of the gunbarrel. The heavier water and solids settle to the 
bottom. 

IR thermal imaging can then be used to identify all these layers from outside 
a gunbarrel tank [29]. The layer between the oil and water is called the interface 
pad. It is a normal part of the separation process, but sometimes the paraffin, as- 
phaltenes, and iron compounds can become suspended within the interface pad. 
When this happens, the pad becomes thicker and can become hard, inhibiting the 
separation process and causing a number of operational problems. Using IR to lo- 
cate these pads and their thickness, one can take measures to break it up before 
it gets too thick and hard. For example, chemicals can be added to break up the 
suspensions within the gunbarrel. Another method is to shut down operations to 
the gunbarrel and physically remove the contents, which usually requires person- 
nel to go in and scrape out the solids, load them into trucks, and dispose of the 
waste materials. 

Oil and water storage tanks are another area where IR has become an important 
CM tool. Water storage tanks are usually associated with water injection plants 
and receive the water from the crude oil batteries and gunbarrels. The water is 
then reinjected into the producing formations to enhance oil production. Some 
problems associated with water tanks are oil that has not been separated from 
the water and, as with the gunbarrels, solids and other unwanted compounds. IR 
thermography can be used to locate these levels of “bottoms” — settlements and 
oil layers floating on water that can be recovered and sold. Storage tanks with 
a large accumulation of bottoms are also more prone to tank bottom corrosion 
problems. 

Figure 10.3 presents a thermal image of a water storage tank with a substantial 
amount of oil floating on water. It provides the data needed to understand what is 
going on inside these tanks and vessels, instead of just making an educated guess. 
This knowledge allows prioritization of maintenance efforts on these tanks and 
to go right to the most critical problems first, minimizing the potential environ- 
mental risks of tank overflows and leaks. It also helps not only in identifying those 
tanks and vessels that are high-priority risks, but it also allows deferral of main- 
tenance on tanks that do not need attention. 

Obviously, one needs a thermal contrast to record such an image [30]. This is 
due to the fact that materials in a tank or silo, whether solids, liquids, or gases, 
behave in different ways when subjected to a thermal transition. Gases typically 
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103.9 °F 


Figure 10.3 Locating levels of liquids in tanks. At a height of about 1.5 m, a cool oil layer pad 
The shown tank has an outer diameter of is floating on top of warmer water. The oil 
about 4.7 m and a height of 4.9 m, which cor- layer itself corresponds to about 23.9 m? of oil. 
responds to a capacity of 500 barrels (79.5 m°). (Image courtesy Danny Sims, Chevron USA.) 


change temperature much more easily than liquids because of their much lower 
heat capacity. Consider, for example, air and water. If the same amount AQ of 
thermal energy is added to equal volumes of air and water, the resulting tempera- 
ture changes differ appreciably. From the general relation AQ = cmAT, where c 
is the specific heat capacity and m = pV the mass (p: density, V: volume) of the 
gas, liquid, or solid, it follows that 


A Tair _ Cwater ` Pwater (10 1) 


A Tate Cair ` Pair 

From known specific heats and densities (air: c ged KJ (kg KV}, p = 1.293 
kg m3; water: c = 4.182 kJ (kg K)~1, p = 1000 kg m~*) it follows that air temper- 
ature differs by a factor of more than 3000 from that of water. Now imagine a 
tank with a liquid and a gas on top. If the tank is heated from the outside, for 
example, owing to solar load, the gas can easily increase its temperature, that is, 
it will adapt its temperature to that of the tank wall. In contrast, the liquid below 
will show a much smaller temperature rise due to its large thermal heat capacity. 
This obviously results in a thermal signature on the outside wall at the interface 
between liquid and gas. If different liquids with different thermal heat capacity are 
present, the same mechanism leads to thermal signatures at the liquid interface. 

In tanks, one may also have solids like sludge. Since liquids and solids have sim- 
ilar densities, the temperature rises due to the same thermal input energy are not 
as pronounced as compared to the gases. In this case, the thermal contrast is also 
affected by the different methods of heat transfer (Section 4.2). In solids, heat is 
transported by conduction, whereas in liquids, convections also play a major role. 
If heated from the wall of the tank, the various heat transfer mechanisms inside 
the solid and liquid give rise to the observed thermal signature. 
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How was the thermal contrast achieved in the example discussed here? The 
weather conditions in Texas include a lot of sunshine, which means solar load 
on the tank walls. In Figure 10.3, the gases on top of the oil layer (upper third of 
image) have a low heat capacity, which means that the wall temperature is mainly 
due to solar load. Below, that is, in the middle part, the oil layer cools the outside 
wall. At the bottom, however, there is warmer water which heats the wall. Because 
of the large heat capacity of the fluids, quasi-stationary conditions are achieved. 


10.2.4 
Polymer Molding 


Shape and block molding of expanded polymers such as polystyrene, polypropy- 
lene, and various blends therefrom are nowadays widely used in the manufacture 
of many everyday-life products, ranging from simple packaging materials or pic- 
nic supplies to technical industrial products, for example, automotive bumpers, 
bicycle helmets, or aircraft structural parts. Besides being used in the direct cre- 
ation of products, such foams are also used, for example, in metal—foam casting 
processes (Section 10.5.6). 

The manufacture of foam-molded parts requires precise molding control, such 
as precise amounts of steam energy delivered to the mold and later extracted in the 
subsequent cooling cycles. Accomplishing this so-called energy balance is critical 
in molding good-quality parts. Besides quality control, one also wants to reduce 
excessive energy use. 

Characterization of freshly molded parts is possible with IR thermal imaging. 
The parts will have varying moisture contents and thermal gradients from the 
manufacturing process. Quantitative analysis of the gradients can lead to process 
improvement and the identification of defect areas in the manufactured parts. 
In particular, thermal gradients are often directly related to mechanical property 
variations in the related locations. 

Figure 10.4 shows examples of the manufacture of protective bicycle hel- 
mets [31]. These are molded in presses. The press halves separate after com- 
pletion of the process and the frame slides out to allow retrieval of the freshly 
molded helmets. Figure 10.4 shows two images of the frames with helmets at the 
time of helmet ejection, showing significant temperature gradients for the molds 
and the helmets (line plots on right). 

The IR image of the helmet shown in Figure 10.5 was recorded 60s after its 
ejection from the mold. To determine whether the observed temperature gradient 
has an impact on helmet properties, an X-ray mass profile was made of the part. 
The helmet was inspected in slices by scanning the cross section of the helmet in 
several sections. These are also plotted in Figure 10.5. 

The higher mass profile on one side of the helmet coincides with the thermal 
behavior in the press. This may imply a bead-filling issue on one side that when 
coupled with a differing steam distribution across the helmet results in differ- 
ing fusion and density profiles [31]. Such features can lead to a nonuniformity 
of the mechanical properties of the helmet. In this case, the asymmetry of the 
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Figure 10.4 Thermal images of two thermal presses at point of bicycle helmet ejection. (Im- 
ages courtesy G.V. Walford.) 


Position along line 


(b) 


Figure 10.5 Visible (a) and thermal image (b) of a helmet removed from press. The helmet was 
subsequently analyzed using X-ray profiling; see inset at thermal image. (Images courtesy G.V. 
Walford.) 


helmet was readily observable with thermal imaging. Such nonuniformities can 
have a significant impact on the end application, be it helmets or other mold parts, 
since mechanical properties are correspondingly modified from the original de- 
sign specification. 


10.2.5 
Rack-Storage Fire Testing 


Today’s warehouses are larger and taller than ever before. Using automatic stor- 
age systems, commodities may be placed on racks at heights of about 30m or 
higher. As a consequence, a fire in such a warehouse carries great risk. There- 
fore, quantitative modeling and real test measurements of large warehouse fires 
yield important information not only for the warehouse owner but for insurance 
companies as well. IR cameras have been useful in such experimental studies for 
two reasons. First, they make it possible to look through the smoke and steam 
and, thus, to see the details of how the fire spreads (smoke and steam develop 
rather quickly once the water sprinkling system is activated). Second, if properly 
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Figure 10.6 Visible (a) and thermal image (b) of a rack fire. (Images courtesy J. de Vries, FM 
Global. See text for details.) 


calibrated, the data yield quantitative surface temperatures that may be used to 
validate numerical model results. Successful firefighting and mitigation relies on 
the understanding of fire development and location [32, 33]. 

Figure 10.6 shows some results from a front view of a large test fire with a maxi- 
mum heat release rate of up to 30 MW fora 2x 4x 5 tier high rack storage system. 
The horizontal and vertical dimensions of the system are about 5.1 and 7.3 m, re- 
spectively. Figure 10.6a shows a visible and Figure 10.6b a LW IR image recorded 
200 s after ignition. The measurement range of the IR camera had been extended 
up to 1200°C using an aperture of 12.7 mm in front of the lens and subsequent re- 
calibration. When looking through the flames at the rack, the used LW IR range 
ensured that H,O or CO, emissions played a minor role. However, heated soot 
particles could pose a problem. The corresponding tests showed that the flames 
only contributed about 50 K to the measured rack temperatures. The observed 
and modeled maximum temperatures inside some of the horizontal flue spaces 
reached up to 1400 K. 


10.3 
Low-Voltage Electrical Applications 


There are many examples of IR thermal imaging in the field of low-voltage electri- 
cal applications [34]. They range from low-voltage indoor surveys and the study 
of components on electrical assemblies or electrical circuit boards and electronic 
components [35-38] to electric motors (e.g., [39]). 

In what follows, just a few select examples of microelectronic boards are dis- 
cussed. Some other low-voltage examples of electrical heating within wires, mi- 
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crowave oven, thermoelectric effects, or eddy currents were already treated in 
Chapter 5. 


10.3.1 
Early Microelectronic Boards 


Because of the ongoing miniaturization of all electronic components, in particular 
in the microelectronic boards of computers, the problem of the malfunctioning 
of whole boards has become important. Although the voltages and the currents 
are very low, they still produce heat, and many components malfunction above a 
critical temperature. The old 486 processors from the early 1990s still operated 
uncooled and sometimes at working temperatures above 80°C. Starting with the 
Pentium series in 1993, processors were air cooled by fans. Still, it is necessary 
to separate all heat-producing elements on a board from each other to avoid the 
overheating of individual parts. To test or design new boards, it is essential to op- 
erate the boards under working conditions and analyze, for example, IR images. 
Figure 10.7 shows an example of a board containing a fan-cooled Pentium pro- 
cessor. Upon turning the computer on, two integrated circuit chips and another 
processor on the board were also heated, however, typically only to 15°C above 
room temperature. 

As can be seen in the visible image, the board is made of different materials; 
therefore, the IR images usually reflect temperature as well as emissivity contrast. 
If emissivities are quite high (e > 0.9), slight variations in their values are not crit- 
ical. However, whenever small emissivities are present, in particular those of hot 
objects, the quantitative analysis must be performed very carefully. To overcome 
such problems, it was recently suggested that electronic boards be covered with a 
thin coating of known emissivity, which does not change the electric properties of 
the components [35]. In this case, the boards will show homogeneous emissivity 
and, hence, allow sensitive relative temperature measurements across them. 

Besides the design of microelectronic boards for computers, IR imaging may 
also be used to study the behavior of simpler electronic boards. As an example, 


(a) 


Figure 10.7 Microelectronic board with Pentium 100 processor below a fan. The heat sources 
are well separated on this board. For demonstration purposes, the fan was not run. 
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(b) 


Figure 10.8 Visible (c) and IR images of elec- was clearly audible (b). Obviously, the four 
tronic board of a speaker connected toa com- diodes on the board (red circle in VIS image) 
puter. First, the speaker was turned on but heated up to about 75 °C during operation of 
operated without emitting any sound (a), and the speaker. 

then the speaker was used to play music that 


75.0 °C 


75.0 °C 


60 
40 


25.0 °C 


Figure 10.8 shows the electronic board of a small loudspeaker ofa type that is usu- 
ally connected to computers. The visible image shows the board that is mounted 
on the back cover of the speaker, which was opened for the experiment. Playing 
music obviously led to a heating up of four diodes on the board, whereas the power 
transistors were sufficiently cooled by the metallic cooling fins. 


10.3.2 
Macroscopic Electric Boards 


Electric switchboards are related to typical industrial applications in engineer- 
ing since the regular testing and surveying of electrical switches is essential for 
reducing service shutdown times and, hence, for guaranteeing a high productiv- 
ity of machines in factories. Therefore, a student project [40] dealt with an elec- 
trical switch assembly to simulate malfunctioning and subsequently identify the 
relevant parts. To visualize typical defects occurring in low-voltage applications 
(U < 1kV), we prepared an old electric fuse board previously used in industry. 
Several typical failures were included artificially for student teaching. Figure 10.9 
shows the visual image as well as an expanded view of the upper section. Several 
different defects can be clearly seen, such as a broken connection, a deformed 
(squeezed) wire connection, a loose connection (loose screw) with transition re- 
sistance, and a very old oxidized 16-A fuse. Whenever such anomalies are ob- 
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(b) 
Figure 10.9 Visible (a) and IR image (b) of broken wire within insulation gives resistance, 
(very) old electrical equipment. The board heating up the wire. Middle row: an old oxi- 


was modified to include three typical thermal dized fuse heats up. Bottom row, right: loose 
features of malfunctioning. Top row of fuses: connection giving a transition resistance. 


served in IR thermal imaging, one must take a closer look, which will usually lead 
to identifying and resolving the problem immediately. 


10.3.3 
Modern Microelectronic Boards 


Modern microelectronic components are getting smaller with each development 
cycle. Therefore, IR cameras used to study the thermal behavior of the corre- 
sponding boards should have four features. First, they need an appropriate close- 
up lens; second, the resolution should be at least 640 x 480 pixels (better if pos- 
sible); third, they should also record VIS images; and fourth, the image software 
should use digital detail enhancement (DDE) techniques (Section 3.5.1.7). Fig- 
ure 10.10 shows an example clearly demonstrating the capabilities of IR imaging 
for electronic board inspections. 


10.4 
High-Voltage Electrical Applications 


In addition to low-voltage applications, there are numerous medium- or high- 
voltage applications for IR thermal imaging, ranging from oil-filled circuit break- 
ers [41], transformers, and substations [42, 43] to the study of high-voltage lines, 
sometimes only observed from helicopters [44]. For any quantitative outdoor in- 
spections, potential wind speed effects on temperature readings of the compo- 
nents under study must be taken into account [45]. 

Since thermography inspections of electrical equipment make sense only if 
components are under full load, covers of electrical panels and other components 
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Figure 10.10 High-resolution DDE IR image (1280 x 1024 pixel) of a modern electronic board 
of a computer (image courtesy FLIR Systems Inc.). 


must usually be removed [46] unless special IR windows are used [47, 48], which 
make it possible to study the objects from a safe distance. In any case, whenever 
high-voltage or high-power equipment under load is investigated, special per- 
sonal protection precautions must be taken to avoid arc flash hazards [49-52]. 


10.4.1 
Substation Transformers 


A very important electrical application for thermography are high-voltage power 
lines and their connection to transformer units. Figure 10.11 shows an example 
of a 115-23 kV substation transformer unit [53]. The distance between the cam- 
era and the transformer, which was run at about 40% of the maximum allowed 
load, was determined by a laser range finder to be around 11m. At least two of 
the phases show problems. Figure 10.11 also illustrates a typical problem of out- 
door electrical applications encountered when studying high-voltage equipment. 
Since the distances between observer (camera) and the targets are often above 
10m — with no chance for the thermographer to get closer — and targets (like the 
19mm cables in Figure 10.11) are sometimes just a few centimeters in size, the 
spatial resolution of the camera can impose problems for a quantitative analysis. 
In the example presented, three different measurements of the same targets were 
made at about the same time and from the same distance under the same envi- 
ronmental and load conditions. Three different cameras (high, medium, and low 
number of pixels) were used, which differed only by their detector arrays (high: 
640 x 480 pixels, medium: 320 x 240 pixels, and low: 160 x 120 pixels). Since the 
field of view (FOV) determined by the standard optics was similar, the instan- 
taneous field of view (IFOV) of the cameras differed (0.65, 1.3, and 2.6 mrad, re- 
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(c) (d) 

Figure 10.11 Thermal images of 115-23 kV nificant thermal anomalies can be clearly ob- 
substation transformer, low side. (a) High- served with all cameras; quantitative analysis, 
resolution (640 x 480 pixels), (b) medium- however, results in large differences (see text 


resolution (320 x 240 pixels), (c) low-resolution for details). (Images courtesy: Infrared Training 
(160 x 120 pixels), and (d) visible image. Sig- | Center, FLIR Systems.) 


spectively). As a consequence, the number of pixels is directly related to the spatial 
resolution (Section 2.5.3). 

A cable of 2cm at a distance of 11m corresponds to an angular size of about 
1.8 mrad or 0.1°. As mentioned in Chapter 2, the minimum object size should 
be about two to three times the IFOV in order to get reliable temperature mea- 
surements. This condition is only fulfilled for the high-resolution camera with 
IFOV = 0.65 mrad. Therefore, it is to be expected that the medium- and low- 
resolution cameras will show appreciably lower temperatures, since the back- 
ground temperature of the clear sky behind the cables was well below 0°C and 
the detectors received signals not only from the hot cable but also from the much 
colder background. 

The two problem areas with thermal anomalies of the jumpers from the bush- 
ings were detected with all cameras. The jumpers from the bushings to the feed 
were stranded cables where some of the strands had broken over time or were not 
well connected electrically. This caused overloading of the remaining good con- 
ductors, resulting in significant heating. Preliminary conclusions indicated that 
one may detect thermal anomalies with all cameras. 
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However, the question arises as to whether these anomalies create a problem 
that needs to be dealt with. Obviously, one must quantitatively estimate the tem- 
perature increases of the problem areas. The maximum temperature of the left- 
most phase in Figure 10.11 was analyzed for all three images. Not surprisingly, 
the temperature rise with respect to ambient temperature differed appreciably 
for the three cameras showing 50 °C (low), 95 °C (medium), and 117°C (high) for 
40% load of the transformer. 

This 40% load situation was observed in early June when the weather was cool 
and electrical demand in the area was low. Obviously, later in the summer, the use 
of air conditioners would lead to much higher demand. Therefore, the tempera- 
ture rises were also estimated for 100% load (for load correction [45]). It was found 
that temperature differences would significantly increase to 211°C (low), 402°C 
(medium), and even 494°C (high). Whether a temperature rise is critical or not 
depends on the criteria [54], for example, those of the American Electric Power 
Research Institute (EPRI). In this case, the problem severity according the EPRI 
criteria was already critical at 40% load for the medium- and high-resolution mea- 
surements! For the estimate of 100% load, results indicated a very high probability 
of major failure. 

The example of Figure 10.11 nicely demonstrates the importance of knowing 
the exact spatial resolution of the camera used, in particular if the distance to 
small targets is quite large. For the conditions presented here, a cheap and simple 
low-resolution camera of 160 x 120 pixels is useless. 

It should also be mentioned that whenever surface temperatures are measured 
from high-voltage electrical components, small measured values at the outside 
surface may correspond to large internal temperature rises. This can, for example, 
be the case for oil circuit breakers [55]. In this case, power loss calculations, in- 
cluding convective and radiative heat transfer, can be based on measured surface 
temperatures to estimate the total power loss, and from that the internal electrical 
resistance can be calculated. 


10.4.2 
Overheated High-Voltage Line 


Figure 10.12 shows a number of 130 kV lines under load. Three cables are clearly 
overheated, as can be seen in direct comparison with the other (blue color) cables, 
which were much colder. It turned out that the load on these three cables was 
occasionally enlarged without taking into account whether they were being run 
with the load above the specified limit. The diameter of the cables needs to be 
increased, too, to reduce their resistance, that is, the electrical power consumption 
by the cables themselves. 
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Figure 10.12 About 130kV high-voltage lines that are clearly overheated. Temperature scale 
in °C. (Images courtesy J. Giesecke.) 


10.4.3 
Electric Fan Defects 


Transformer units at substations are critical components. Their housings are usu- 
ally cooled from their sides by a series of powerful fans. Figure 10.13 shows an 
array of nine fans capable of cooling an area of about 4 m? of a transformer hous- 
ing. The center fan in the image suffered a severe malfunction. The fan motor was 
overheated and only allowed for a strongly reduced cooling operation, as can be 
seen by the elevated transformer wall temperatures. When this unit was exposed 
to extremely high solar load, the reduced cooling sometimes resulted in problems, 
that is, the fan motor had to be exchanged or repaired immediately. 


10.4.4 
Oil Levels in High-Voltage Bushings 


A very crucial application of IR imaging is monitoring oil levels in bushings of 
high-voltage power equipment [56, 57]. This is an important application because 
it deals indirectly with the most costly piece of equipment in a power grid, the 
power transformer. Bushings are devices that allow electrical current to pass 
through a barrier and provide an electrical connection on each side while pro- 
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Figure 10.13 Housing of a transformer unit 
cooled by a series of electric fans. The center 
fan is malfunctioning leading to reduced 
cooling power. Temperature scale in °C. 
(Image courtesy J. Giesecke.). 
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viding electrical insulation between the center conductor and the ground. The 
inside conductor is surrounded by electrical insulation. In higher-voltage bush- 
ings, it consists of concentric layers of insulation and layers of conductor foils. 
These layers of insulation and conductors form a concentric capacitor between 
the high-voltage center core and the bushing flange at ground potential. In most 
modern bushings above 26kV, paper provides the skeleton for the insulation 
system. The paper is impregnated with mineral oil to provide more insulation. 

One of the most important failure modes of high-voltage bushings are oil leak- 
ages. Whatever the reason for the leakage, moist air may enter the bushing and 
replace the oil. Since the paper will become devoid of oil, the insulation ability of 
the bushing decreases. Eventually, electrical discharges (corona discharges) can 
develop, which may eat like worms through the paper, causing the foil layers to 
short out. In the worst case, the dry insulation may flash and lead to million- 
dollar losses (the cost of high-voltage transformer units). Therefore, it is of the 
utmost importance to regularly check the oil levels in such high-voltage trans- 
former bushings. 

IR thermal imaging is a very useful method for determining the oil levels in 
such bushings in PAM programs. The method for detecting oil levels is simple. 
In any transformer, there are energy losses that lead to a temperature increase in 
the transformer coils. These heat up the oil in the tank of the transformer and, via 
thermal conduction, the oil filling in the attached bushing. Because of the ther- 
mal conductivity through the wall of the bushing and heat capacitance of the oil 
with respect to that of the air above it, the bushing oil level can be seen. So the 
bushings will appear warmer where the oil is and cooler where there is no oil. The 
IR image (Figure 10.14) shows two bushings, the one on the right being full of 
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Figure 10.14 Checking oil levels in bushings of high-voltage power equipment. See text for 
details. (Image courtesy M.B. Goff.) 
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oil and the other one being only partially filled. The oil-filled bushing is warmer 
(around 31°C) owing to the heat conduction from the warm transformer tank full 
of oil up the bushing all the way to the top. In contrast, the bushing with a low oil 
level is much colder, here only around 15 °C, since there is no oil in the bushing 
to conduct the heat from the transformer to the bushing. Only the very lowest 
part of the bushing on the left shows signs of heat being conducted, thus mark- 
ing the location of the oil level. After verifying the low oil level, the transformer 
was immediately removed from service for repair to avoid possible catastrophic 
failure. 


10.5 
Metal Industry and High Temperatures 


The metal industry deals with all aspects of working with metals to create individ- 
ual parts, assemblies, or large-scale structures. Metal working generally is divided 
into three categories: forming, cutting, and, joining. Each of these categories con- 
tains various processes. Forming processes modify the work pieces by deforming 
the object without removing any material. This is done with heat and pressure, 
with mechanical force, or both. In casting, a specific form of metallic objects is 
achieved by pouring molten metal into a form and allowing it to cool. Cutting 
and joining consists of a collection of processes, wherein the material is brought 
to a specified geometry by either removing excess material using various kinds 
of tooling or by joining two metal parts by processes like welding. With regard 
to materials, one often distinguishes the steel industry from the light metal in- 
dustry (e.g., aluminum, magnesium, titanium) and industries dealing with other 
nonferrous metals (e.g., copper, platinum, noble metals). 

Obviously, the metal industry offers a large variety of different processes, some 
of them associated with very high temperatures. Therefore, it is natural that at- 
tempts have been made to measure the associated temperatures with IR thermal 
imaging. In particular, it seems promising at first glance to measure temperatures 
of metal molds, for example, in steel or aluminum casting. 


10.5.1 
Direct Imaging of Hot Metal Molds 


Figure 10.15 shows an example of an aluminum cast. Although contact measure- 
ments resulted in large temperatures of around 800°C, IR imaging is not very 
accurate in determining temperatures. There are several reasons for this. First, 
metals have very low emissivities in the thermal IR range (Section 1.4), and small 
g variations can lead to large changes in measured temperature. The variations in 
emissivity of metal molds are due to the dependence of £ on temperature itself, 
the thickness of the molten slag (which has lower density and lies atop the pure 
metal), the angle of observation, and so on. In addition, metal molds behave like 
liquids [58]. In particular, they may exhibit convection cells (like the Bénard con- 
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Figure 10.15 Aluminum casting. (a) Visible image. (b) Thermal imaging shows huge varia- 
tions of temperatures of the mold owing to various parameters that affect emissivity. (Images 
courtesy H. Schweiger [59].) 


vections, Section 5.3.4), which induce temperature fluctuations at the mold sur- 
face. All these effects can lead to measurement errors of several hundred Kelvin! 

This example indicates that to measure the temperatures of molten metals, con- 
ventional thermography is usually unsuitable. Rather, a method that is indepen- 
dent of emissivity, such as ratio thermometry, is needed (Section 3.2.2). In pyrom- 
etry, the related instruments are called two-color pyrometers [60]. In addition, for 
high-temperature metal applications, it may be useful to use SW imaging rather 
than LW or MW cameras (Chapter 6). 


10.5.2 
Manufacturing Hot Solid Metal Strips: Thermal Reflections 


Once pure and solid metals are available, the machining of the metals still requires 
high temperatures. As an example, Figure 10.16 shows a scene from an aluminum 
factory during the production of aluminum metal strips. In the foreground is seen 
a hot pure aluminum metal strip (thickness around 3 cm, width about 2 m), mov- 


Figure 10.16 Cold aluminum rolls (T < 200°C) behind a hot (T = 480°C) aluminum strip with 
very low emissivity (£ = 0.065). Thermal reflections are evident. 
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100 °C 
60 °C 
20.0 °C 


Figure 10.17 Thermal image of a hot and low-emissivity aluminum strip (near 200 °C) with 
strong reflections, demonstrating the influence of inhomogeneous background radiation. 


ing at a velocity of about 2 m s~}, that has surface temperatures of around 480°C. 
Because of the manufacturing, the aluminum strip surfaces are very flat and have 
very low emissivities of around ¢ = 0.065. In the background can be seen colder 
aluminum rolls (thinner strips with thickness usually between 2 and 5mm at a 
lower temperature of around 200°C rolled to form a cylinder for transport). Sim- 
ilarly, Figure 10.17 shows an example of another aluminum strip (width about 
0.6 m) produced for research purposes. The strip was supported by several tables 
to cool down slowly. At the time of the measurement, it still had a temperature of 
about 200°C. Both IR images clearly show thermal reflections owing to the very 
flat surfaces. 

In Figure 10.16, the reflections of the 200°C background cylinders show up as 
apparently higher temperature on the 480°C aluminum band in the foreground. 
This seems paradoxical at first glance: why should a colder metal give rise to a 
larger radiation signal when observed as thermal reflection from a much hotter 
metal strip? The answer is simple: the emissivity of the front side is increased 
largely due to the surface roughness, which is induced by rolling the thin metal 
strips to form the cylinder. The IR image shows another feature: the left-hand side 
of the cylinder allows a grazing incidence view of the strip surface. At such large 
angles, emissivities of conductors increase (Figure 1.31), which explains why the 
perimeter surface of the cylinder emits more radiation than its front. This feature 
is also apparent in the thermal reflection image from the hot aluminum strip. 

A similarly surprising feature is shown in Figure 10.17, where thermal reflec- 
tions of people with skin and clothing temperatures of around 30°C show up 
as thermal reflections with greater IR emissions from the hot aluminum strip of 
200°C. Again, the people in the image have much higher emissivities compared 
to the hot metal. 

This effect of thermal reflections of cold objects showing up as strong IR radia- 
tion sources in thermal reflections from very hot objects can also be understood 
quantitatively, provided the emissivity £j of the object is known. Besides the 
emitted object radiation €,,;S,,;, the detected radiation signal Saet from highly re- 
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Table 10.1 Signal contributions for an IR camera in 8-14 um spectral range for pure aluminum 
with an emissivity of 0.02 and background at T = 25°C. 


Al temperature Signal portion of reflected Signal portion of emission 


(°C) background radiation (%) (%) from Al surfaces 
70 83.4 16.6 

200 59.2 40.8 

400 34.0 66.0 


flecting surfaces also contains the reflected background radiation (1 — £obj)Sbackgr’ 
Saet = EobjSobj +- Eobj)Sbackgr (10.2) 


Sonj is the radiation signal detected from a blackbody object of the same temper- 
ature. For aluminum, the emissivities €,,; are very low, typically €,,, = 0.02—0.2 
depending on the alloy composition, surface roughness, and temperature. Ta- 
ble 10.1 compares the signal contributions of reflected background to object emis- 
sion in the spectral region of a LW camera (8—14 um). Surprisingly, the signal from 
aluminum of 200°C with €,,; = 0.02 is still smaller than the radiation of reflected 
objects of 25°C. Obviously, background objects of higher temperatures shift the 
signal ratio to an even more unfavorable value (see also Section 2.3.3.3). 


10.5.3 
Determination of Metal Temperatures if Emissivity Is Known 


Low emissivities and corresponding reflections from object surfaces are well 
known theoretically, and manufacturers of IR camera systems usually implement 
a reflectivity correction in order to be able to determine object temperatures. 
However, such corrections assume a constant ambient temperature of all back- 
ground objects and precisely known object emissivities. They work reasonably 
well only if €,,; is large. For very small ¢ values of metals, variations in object 
emissivity and fluctuation of background temperatures may lead to deviations. 
If the exact emissivity is known, the latter problem may be overcome using a 
homogeneous background illumination (hemispherical illumination) of known 
background temperature. Figure 10.18 illustrates this procedure for two different 
background temperatures in cold aluminum rolling where the emissivity is not 
changed by the temperature treatment. The aluminum strip (emissivity of the 
aluminum strip 0.05, pure aluminum alloy with a very smooth and homogeneous 
surface) was illuminated by two emitters (with emissivity of 0.98, temperatures 30 
and 140°C). To determine the strip temperatures, the emitter temperatures were 
used as the ambient temperatures. The results fit the aluminum strip temperature 
of 125°C, with an uncertainty lower than 5°. 
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Average: 120.1 
Average: 124.1 


(a) (b) 


Figure 10.18 Temperature measurement at a 125°C aluminum strip, background illuminated 
with black emitters at different temperatures: (a) 30°C and (b) 140°C. 


10.5.4 
Determining Metal Temperatures for Unknown Emissivity: Gold Cup Method 


The typical situation for industrial applications is more complex (Figure 10.19). In 
most cases, the emissivity is not known accurately, and it changes over the course 
of the production process. The object signal is strongly influenced by thermal 
reflections of background objects (a structured, that is, inhomogeneous, back- 
ground) at different temperatures and changing angles. Because of the strong in- 
fluence of varying reflections (compare Table 10.1), the object signal may change 
by as much as 20%, resulting in large temperature measurement errors. 

The so-called gold cup method [61] uses a highly reflecting hemisphere with a 
small hole for the camera (similar to an integrating sphere) placed near the sur- 
face of the object. All radiation sources for thermal reflections are blocked, and 


12 823 OS 


1813 OS 


Figure 10.19 Measured object signals at different points of aluminum strip. 
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the multiple reflections inside the cavity increase the apparent emissivity to close 
to unity. The application of this method requires, however, a very clean environ- 
ment to avoid a decrease in the reflectivity inside the hemisphere and very small 
working distances to suppress any thermal reflection from outside background. 
Within most industrial processes, such clean conditions and small distances are 
unobtainable. 


10.5.5 
Determining Metal Temperatures for Unknown Emissivity: Wedge and Black Emitter 
Method 


There are two possible solutions to solve this problem under industrial conditions 
with varying emissivities. First, the wedge method [61] can be used for aluminum 
rolling. In this application, highly polished rollers form an aluminum strip. These 
rollers and the strip form a wedge (Figure 10.20) that acts as a cavity (multiple 
reflections) and therefore has an increased emissivity [62]. Figure 10.20 demon- 
strates that, in principle, wedges enhance emissivity and, thus, IR emission; how- 
ever, a quantitative analysis still requires precise knowledge of the emissivity. 

To estimate changes in € induced by a wedge, a test measurement was per- 
formed with an aluminum strip of known temperature (provided with a contact 


Wedgelike 
cavity 


(d) 


Figure 10.20 Wedges formed by roller and aluminum strip. (a,c) Scheme and VIS photo and 
(b,d) example of IR images. 
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114.6 °C 


(a) (b) 


Figure 10.21 Thermal imaging of aluminum using wedge measurement technique (tempera- 
ture 110°C, temperature scale for emissivity setting 0.6); € = calculated emissivity. 


a as 


object signal 2140 
Cold background 


Figure 10.22 Projection of blackbody emitters with different temperatures on aluminum strip. 
Analysis of the two signals yields emissivity as well as metal temperature. 


measurement). Because of the purity and the smooth and shiny surface of the 
aluminum strip, the emissivity in the 8—14 um region was as low as 0.04 (Fig- 
ure 10.21). The visible image shows the cavity effect with strongly increased ab- 
sorptance within the formed wedge. The emissivity in the LW region increased 
from 0.04 to 0.6. The maximum emissivity value is limited by the geometric res- 
olution of the thermal imaging system. Obviously, it is difficult to correctly guess 
exact emissivity values; therefore, the wedge method is not suitable as a standard 
method to quantitatively measure metal temperatures. 

A second and much better way to estimate correct temperatures from low- 
emissivity metals uses two blackbody emitters. The object whose temperature 
is to be measured is illuminated (approaching hemispherical illumination) with 
two blackbody emitters that have different temperatures (Figure 10.22). Using 
Eq. (10.2) with the two different background temperatures, both the emissivity as 
well as the emitted radiation (object signal) of the measuring object can be deter- 
mined. Using the calibration curve (temperature versus radiance) of the imager, 
the object temperature can be determined accurately. For a detailed analysis of a 
corresponding radiation thermometry of aluminum, see [63, 64]. 

Two-color pyrometry (Section 3.2.2) can also accurately measure metal temper- 
atures, provided the emissivities are the same in both chosen wavelength bands. 
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10.5.6 
Other Applications of IR Imaging in Metal Industry or at High Temperatures 


There are many more applications of IR thermal imaging in the metal industry; for 
an early review of radiation thermometry in the steel and aluminum industries, 
see [60]. In this chapter, a few more examples with IR cameras are mentioned. 

First, thermography applications have recently been reported for equipment 
in steel works [65], mostly within a PAM program. Examples include machinery, 
electrical systems including motors and substation conditions, and pipeline in- 
spections. 

A second example concerns casting, in particular, lost-foam casting processes. 
Lost-foam casting is an evaporative-pattern casting process. First, a pattern in the 
shape of the desired part is made from polystyrene foam such that the final pat- 
tern contains mostly air and a few percent polystyrene. Next, it is coated with a 
ceramic that forms a barrier so that molten metal does not penetrate. It is then 
placed inside a flask and backed by sand (or other molding media), which is com- 
pacted. Then, the mold is ready to be poured. The molten metal causes the foam to 
evaporate, that is, it replaces the foam until the form is completely filled with the 
desired metal form. The pyrolysis products escape through the porous ceramic 
coating into the surrounding porous medium (sand). After cooling and solidify- 
ing, the cast is removed from the flask. 

During lost-foam casting, it is important to avoid defect formation such as flaws 
that could subsequently lead to failure of the part in service. The cause of such 
fold formation in aluminum lost-foam casting is the presence of retained foam 
residues during metal fill and solidification. Therefore, a detailed study using real- 
time MW IR imaging at 10 frames/s was conducted to examine the effects of var- 
ious process parameters on the metal fill and the casting quality [66]. For this 
purpose, the flask contained a ceramic window for MW IR inspections at mold 
temperatures of up to 700°C. It was found that lowering the heat loss rate during 
the liquid metal cooling should reduce fold formation. 

In many industrial chemical processes, furnaces are used for high-temperature 
processes. Our third and final example deals with the investigation of furnace 
tubes (which transport liquids through fire chambers). Characterizations of tem- 
peratures within a furnace during operation are quite difficult to obtain. First, one 
needs to know the emissivities; second, one must address the reflected apparent 
temperature; third, the atmosphere within a furnace absorbs and emits radiation, 
so one needs to know the flame spectrum. Here, a MW camera was used with 
a spectral filter at 3.9 um, where the flame has around 100% transmission. Still, 
quantitative measurements are very difficult [67], whereas qualitative inspections 
can yield valuable information. 

Figure 10.23a shows an IR image of furnace tubes in operation that clearly 
demonstrates patterns resembling temperature variations on the tubes. These 
may be due first to outer surface deposits as a result of oxidation processes which 
change the local emissivity. In our study these changes were negligible. A sec- 
ond and more severe cause of temperature fluctuations is coking of the tubes 
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(b) 


Figure 10.23 Thermal patterns observable owing to furnace tube coking (a); they also show 
up in visible images (b). Image courtesy Andy Whitcher, Tecpinions Ltd. 


(a) 


from the inside. This may happen if the outside of the tubes has been locally 
overheated. As a consequence, the (usually carbon-rich) process fluid inside the 
tube breaks down and creates an inside layer of carbon, called coke deposition. 
Coke depositions resemble heat resistances, which lead to further local over- 
heating (which may also lead to outer surface changes that directly reflect the 
inside coking). This may finally result in tube rupture, with catastrophic results. 
In one case study, it was also possible to record visible images of the furnace tube 
(Figure 10.23b) while the furnace was shut down for inspection. The significant 
changes in surface conditions matched the thermal pattern owing to the coking 
patterns. 


10.6 
Automobile Industry 


The car industry is a key industry for many countries not only with regard to the 
large number of employees but also because it is a field where new high-tech in- 
novations are continually being introduced. In this respect, it was only a question 
of time for IR thermal imaging to bridge the gap between analysis tool for the 
manufacture and implementation in the product itself. Applications of thermog- 
raphy in the car industry are, therefore, at least threefold. First, it may be used 
for CM and PdM of all kinds of equipment in factories (Section 10.2); second, 
it can be used to check product quality; and third, IR imaging is used as a new 
technology to enhance safety while driving at night. Examples of CM and PdM in 
the automobile industry that do not differ from their uses in other industries, for 
example, checking electrical panels, robotic welders, motors, and so on [68, 69], 
are not discussed here. 
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(c) 


Figure 10.24 IR (a) and visible (b) image of defective rear-window heater and (c) example of a 
properly working heater of a more expensive car (more wires separated by smaller distances). 


10.6.1 
Quality Control of Heating Systems 


The car industry offers many examples of directly using thermography to check 
the quality of certain components of cars. Figures 10.24—10.26 give some exam- 
ples. Figure 10.24 displays a defective rear-window electrical heater (also called a 
defogger), which originally consisted of a row of 12 parallel wires attached to the 
window. As a result of scraping ice off the window, some wires were damaged: 
the second one from the top and the lowest three wires are clearly not working. 
Besides detecting new damage to rear-window defoggers, the technique is also 
used in quality control. Recently, a modern car manufacturer had announced a 
previous failure rate of 1 out of 50 rear-window defoggers. To overcome this, IR 
thermal inspections were used as a means of quality control and were found to be 
successful [70]. 

Similarly, modern cars also have front windshield heaters (Figure 10.25), and it 
is popular to have seat heaters in cars (Figure 10.26). 

Other examples for the use of IR thermal inspections in the car industry include 
testing of brakes [71] and, in particular, quality control of tires. Besides regular 
tires, IR imaging is also regularly used to test the special tires of racing cars (see 
Section 10.6.3). 
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Figure 10.25 Front windshield heaters work using hot air from a fan (eight equidistant open- 
ings at bottom) as well as many very small heating wires embedded in glass, ensuring very fast 
defogging. 


31.0 °C 


30 
25 
20 
15 
10 
5 


5.0 °C 


5.0 °C 


(b) 


25.0 °C 


25 
20 
15 
10 
5 


5.0 °C 


(a) 


Figure 10.26 (a,b) Front-seat heater and (c) rear-seat heater in a car. 


A number of different patents are associated with car tires and thermography. 
For example, one European patent application proposed to measure temperatures 
across a tire profile using high-speed IR imaging [72] and another US patent in- 
volved forecasting tire wear using high-speed thermography [73]. 


10.6.2 
Active and Passive IR Night Vision Systems 


A very recent, perhaps the most important, innovation of IR imaging in the car 
industry in recent decades, took place in the field of driving safety. Driving during 
the day presents no problems to observing the road and potential obstacles ahead 
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for several hundred meters, while at night only the portion of the road that is illu- 
minated by the headlights is visible. Although there have been many innovations 
in lighting, for example, intelligent headlight beams that bend while driving on 
curves, the visual range in night driving is drastically reduced. Problems arise in 
particular if either cold objects like rocks or trees are blocking the road ahead or 
if warm objects like animals cross the road or people are moving along the road, 
say if their car breaks down. If the headlights catch such obstacles very late at 
night, meaning the driver sees them very late, reaction time limits for avoiding an 
accident can become very short. This limited visual detection ability by drivers 
can be overcome through the use of IR thermal imaging. Two different types of 
night vision systems are currently available for models of (so far mostly expensive) 
cars. One system (used, for example, in Mercedes Benz) uses an active technique, 
while the other (used, for example, in BMWs) utilizes passive IR imaging. These 
night vision systems currently run for around €2000. Both systems have specific 
properties: active systems have the advantage of also observing cold objects, and 
passive systems can detect warm obstacles at greater distances. 

In the active system, near-IR (NIR) radiation is emitted by special IR headlights 
close to the regular visible headlights, and a NIR camera behind the windshield 
detects the scattered NIR radiation, similar to the scattered visible light from ob- 
jects illuminated by headlights as detected by the human eye. The IR signals are 
then displayed as grayscale images on an 8-in thin-film-transistor (TFT) display 
in the center of the cockpit (Figure 10.27). 

The technique works for distances of up to about 100 m, corresponding to the 
usual range of long-distance light, but without blinding the drivers of oncoming 
vehicles. As shown in Figure 10.27, it is easy to detect so-called hot objects such 
as pedestrians. In addition, cold objects, such as an abandoned car on the side of 
the road, can also be seen in advance. 

Passive systems use regular but miniaturized IR cameras (focal-plane array 
(FPA) bolometer LW systems, 8-14 um, usually with 320 x 240 pixels, camera 
size about 6 x 6 x 7 cm?) with a wide-angle lens (36° horizontal and 27° vertical 
field of view), which can easily detect IR radiation for distances of up to 300 m. 
This system does not need active illumination but uses the emitted radiation 
of hot objects. Therefore, it may easily identify animals or humans, but it may 
not detect cold objects like rocks on the road. Like the active system, images are 
displayed on a monitor on the dashboard. This means that the driver must move 
his/her head slightly, but this would likely become a natural movement similar to 
checking the rearview mirror. The IR camera optics is equipped with electrical 
heating to prevent fog or ice on the lens. 

Figure 10.28 shows two examples of IR images as displayed on the monitor from 
the passive system. Outside city limits, one could see wild animals such as deer 
crossing the street (Figure 10.28a) and in towns with poorly lit roads, one could 
encounter pedestrians with pets (Figure 10.28b). 

Similarly, Figure 10.29 shows other examples while driving out of town. 

Both active and passive systems, meanwhile, also use additional software for 
pattern recognition. Whenever animals or humans are detected, the systems 
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Figure 10.27 Examples of active IR imag- 
ing while driving at night with the Mercedes 
night vision system. (a) View from inside car 
and (b) expanded IR image of screen; (c) an- 
other night scene. Warm and cold objects 


(a) 


Figure 10.28 Two IR images as displayed on 
monitor of a BMW car. Both the deer (a) and 

the pedestrian with dog (b) were outside the 
range of the visible light headlights, but they 


can be clearly seen within the range of the 

IR headlights. The speed is indicated in the 
lower portion of the screen. (Images courtesy 
Daimler AG.) 


(b) 


could be clearly detected with IR using the 
passive night vision system. (Images courtesy 
BMW AG, Munich, Germany.) 


warn the driver. First, the respective objects are highlighted on the monitor 
(Figure 10.28). Second, warning signs are shown on the display. Third, acoustic 
warning signs are given. Fourth, when animals or pedestrians come into the 
range of the regular headlights, they are intermittently illuminated by sepa- 
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Figure 10.29 View of a night scene on a road. (a) VIS image as observed using the naked 
eye. (b) Man with dog as observed with night vision. (c) Deer crossing a road as observed with 
night vision. (Images courtesy FLIR Systems Inc.) 


rate high-performance spotlights that will warn both the driver and the ani- 
mals/pedestrians. Fifth, the braking system will kick into alert mode. 

Last but not least, an indirect application associated with the car industry is 
that IR thermal imaging can also be used as a method for quality control in the 
pavement industry [74—78]. 


10.6.3 
IR Imaging of Race Cars 


Since IR imaging worked well for the conventional car industry, it was just a matter 
of time before its potential as analysis tool was put to use in Formula One racing 
cars. Figure 10.30 shows an example of a race car skidding in a circle. Besides 
making it possible to study the quality of the tires, such images are very suitable 
for advertisement, too. Meanwhile, IR cameras have sometimes been installed in 
the front of race cars, making it possible to study the thermal effects of the front 
tires of the driver’s car and of those of the cars ahead [79]. In addition, IR imaging 
may be used to characterize the engines of race cars. 
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Figure 10.30 Two snapshots of a sliding Formula One race car. (Images courtesy Infiniti Red 
Bull Racing.) 


10.6.4 
Motorcycles 


Thermal features of motorcycles are very similar to those of cars (see, for exam- 
ple, discussion on braking of motorcycles in Section 5.2). Here we present another 
application of IR imaging. Figure 10.31 shows a very nicely arranged image of a 
Harley Davidson, recorded with a one megapixel MW SC8300 IR camera. One 
can see thermal reflections on the floor, emissivity variations, and some real tem- 
perature variation: the engine is still warmer than the rest of the bike. 


10.7 
Airplane and Spacecraft Industry 


10.7.1 
Imaging of Aircraft 


National and international air traffic has increased enormously in recent decades. 
Besides occasional use for airport inspections, the associated industry utilizes 
IR imaging extensively in various fields. For example, with regard to PdM (Sec- 


Figure 10.31 Harley 
Davidson motorcycle 
recorded with a cooled 
FLIR MW SC8300 camera, 
1344 x 782 pixels. (Image 
courtesy Dave Bursell, FLIR 
Systems.) 
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tion 10.1), thermography has been used as a nondestructive testing method in 
general [80-82] for engine analysis, electrical and hydraulics inspections, de- 
tecting bleed air leaks, and studying the composite materials of, for example, 
propellers [83]. Other applications include inspections of aircraft fuselages using 
lock-in thermography [84] (Section 3.6.3). 

In a research-oriented context, thermography has also been used to study new 
propulsion systems [85]. Here we want to mostly show qualitative images of air- 
craft from the outside. The features within thermal images of airplanes depend on 
the type of propulsion system. Propeller-driven planes and helicopters will have a 
characteristic thermal feature owing to the exhaust plume from the engines. Sim- 
ilarly, the different exhaust plumes of turbines are characteristic of jet planes. If 
they are recorded during takeoff or landing, then thermal reflections are clearly 
visible from the runway. Regardless of the kind of airplane being investigated, it 
will usually cover an extremely large range of temperatures or object radiances 
starting from relatively cold surroundings (e.g., sky) to the ambient temperature 
hull of the plane to the very hot engines or exhaust plumes. This large range of 
object temperatures usually leads to radiance differences exceeding more than an 
order of magnitude. Therefore, an image cannot be recorded by a camera with 
a given set of parameters (integration time, filters) without experiencing either 
low-signal nonlinearities or high-signal saturation effects of the detectors. There- 
fore, airplanes are ideal for superframing (Section 3.3) in order to have a very large 
dynamic range of several orders of magnitude in radiance within a single image. 
In addition, planes are usually fast-moving objects, which means that high-speed 
thermal imaging is needed with small integration times and high frame rates to 
obtain sharp still images. Figures 10.32—10.34 present examples for different types 
of aircraft. Figure 10.32 shows six snapshots from a start sequence of a jet plane. 
One can easily see the thermal reflections of the cold sky on the top hull and 
wings, but also the hot exhaust gases and engines on the colder runway. We will 
return to airplane start and landing and associated observable mirage effects in 
Section 11.5.4. 

Figure 10.33 shows an example of a hot engine of a much smaller propeller- 
driven plane that was also used to describe superframing in Section 3.3.2. 

Finally, Figure 10.34 shows a state-of-the-art IR image of the Lockheed Martin 
F-35, a vertical takeoff plane, recorded at the Farnborough International Air Show 
in July 2016 using the FLIR 380-HDc camera. The camera comes with a 1280 x 720 
InSb FPA allowing short integration times and, hence, the study of fast-moving 
objects. It has an IR zoom lens with a 40° to 1° FOV. In the image, the vertical 
takeoff plane was hovering, that is, nearly immobile in the air. The exact focal 
lens used is not known; however, if the camera had operated with a 1° FOV, the 
16 m long plane would have been at a distance of around 2000 m from the camera. 
If it had been closer, the lens focal length would have been reduced, that is, the 
FOV would have been increased. The image nicely demonstrates the enormous 
amount of hot exhaust gases of the engine that enable a vertical takeoff or landing. 
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(a) (b) 
(c) (d) 
(e) (f) 


Figure 10.32 Qualitative IR image sequence of a plane during takeoff recorded with a high- 
speed Agema 900 camera. The exhaust gas is still optically thin when observed from the side. 
The hot engines give rise to thermal reflections from the runway. (Courtesy FLIR Systems AB.) 


10.7.2 
Imaging of Spacecraft 


Nondestructive testing of aerospace structures is a challenging task owing to the 
exceptional demands on the materials and processes used [80]. All spacecraft that 
fly into space and return to earth need to be equipped with a heat shield. This is 
essential for a safe reentry of the vehicle into the atmosphere since the frictional 
forces between a fast-moving object and air of the atmosphere can easily lead to 
temperatures of several thousand degrees. A corresponding natural phenomenon 
is the occurrence of meteor showers and shooting stars — the sometimes spectac- 
ular night sky phenomenon when small meteorites enter the earth’s atmosphere, 
heat up very fast, and finally evaporate upon the emission of light. 

Spacecraft like Apollo or Soyuz incorporated techniques with heat shields for 
single use; in contrast, multiple-use vehicles, such as the space shuttles, required 
heat shields, which could be repaired as needed. After the accident of space shuttle 
Columbia in 2003, efforts were made to perform in-orbit inspections and poten- 
tial damage assessments of the outer shell of the shuttle using IR cameras [86-88]. 


10.7 Airplane and Spacecraft Industry 


Figure 10.33 Small propeller-driven plane be- 1 to spot 6 in a range between 26 and 140°C. 
fore takeoff. Because of the large temperature Higher temperatures cannot be seen because 
differences, the image was recorded using su- the exhaust gas is not yet optically opaque. 
perframing. Temperatures increased from spot (Image courtesy FLIR Systems Inc.) 


Figure 10.34 Snapshot 
MW IR image of a verti- 

cal takeoff plane. (Image 
courtesy FLIR Systems Inc.) 
See also YouTube video: 
https://www.youtube.com/ 
watch?v=AzyHOM4C8TY. 


For this purpose, a commercial IR camera had to be turned into a space-hardened 
camera ready for extra-vehicular activities in space. The first successful inspec- 
tions in space — also of the International Space Station (ISS) (Figure 10.35) — took 
place during the mission STS 121 of space shuttle Discovery [89]. 

During this mission, the IR camera was also used to inspect an array of predam- 
aged reinforced carbon—carbon samples — resembling parts of the heat shield — 
which were studied to test new adhesive repair techniques. 

Some years ago researchers at NASA reported the use of IR thermal imaging 
to study the heat patterns on the surface of the space shuttle during reentry into 
the earth’s atmosphere [90, 91]. So far, three missions of the shuttles Atlantis and 
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Figure 10.35 One of the first qualitative 

IR images recorded in space during space 
shuttle mission STS 121 with a commercial 
modified IR camera. Besides investigating 
shuttle heat shield samples, astronauts Sell- 
ers and Fossum also directed the camera 
toward an array of radiator fins of the ISS 
for later analysis on earth. (Image courtesy: 
NASA/Langley Research Center.) 


Discovery (Figure 10.36) have been investigated for a project called Hypersonic 
Thermodynamic Infrared Measurements (HY THIRM) [92-95]. The project was 
developed for the inspection and protection of shuttle missions in response to the 
Columbia disaster in 2003 when damage to the shuttle’s wing compromised its 
heat-resistant shield, causing it to lose structural integrity and break apart during 
reentry. 

Some goals of the project were to create 3D surface-temperature maps during 
reentry, compare them to measurements from thermal sensors on the shuttle’s 
underbelly surface, and model these temperature maps using computational fluid 
dynamics. Once it is understood when and where peak temperatures occur, one 
may design the type of material for a protection system and the size of the system 
for the successor of the space shuttle whose missions ended in July 2011with STS 
135. 

Because of the very high temperatures, imaging of the shuttle upon reentry into 
the earth’s atmosphere within the HYTHIRM project was done using a camera 
with filters for NIR radiation. The camera was on board an aircraft flying as close 
as 37 km to the space shuttle, thereby acquiring data for about 8 min. The cali- 
bration of sensors makes it possible, in principle, to calculate surface tempera- 
tures, once corrections for the varying atmospheric path from shuttle to camera 
are taken into account. The research focused on the underbelly of the shuttle, 
which is covered by about 10000 thermal protective tiles. The highest temper- 
ature areas were found to be near the nose and along the leading edge of each 
wing. As the shuttle enters the atmosphere, it pushes air molecules out of the 
way. In that way, a boundary layer — acting as a protective layer — forms around 
the shuttle with temperatures between about 1100 and 1650°C. Outside this pro- 
tective boundary layer, temperatures can rise to around 5500°C. The successful 
measurements [92-95] could indeed provide many useful insights, and measured 
temperatures were within the ranges of the model calculations. 

Obviously, any damage to the tiles or bumps on the surface of the shuttle must 
be avoided since they can cause breaks in the boundary layer. In this case, the ex- 
treme heat from the outside may flow to the surface, leading to critical damage. 
To study such effects, artificial tiny bumps were added to the wing of Discov- 
ery. Similarly, heat shield materials for future spacecraft were tested. Figure 10.36 
shows some qualitative results of the space shuttle thermal imaging for the shut- 
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(e) (f) 
Figure 10.36 Thermal and visible images iment on mission STS 128 (c) and Atlantis on 
of space shuttles Atlantis and Discovery. (All mission STS 125 with hot spots at nose and 


images courtesy NASA/Langley Research Cen- wings while traveling at 8 km s™' (d). (e,f) Dis- 
ter.) (a,b) Discovery on mission STS 128. Origi- covery on mission STS119 while traveling at 
nal data result in black-and-white images (a). about 4.8 km s™' (e) and VIS image of space 
In the false color image (b), blue referstothe shuttle Discovery upon landing of missions 
lowest and red to the highest temperatures. STS121 (f). 

(c,d) Discovery during boundary-layer exper- 


tles Atlantis and Discovery recorded during the three missions STS119, STS125, 
and STS128. Figure 10.37 shows an example of the final start of a space shuttle, 
the mission STS 135. Superframing was used to create this fused image. The pho- 
tographers recorded the start with five visible high-speed cameras operating with 
different exposure times. To also capture the thermal details in the exhaust gas 
plume, they added a MW IR camera. The overexposed areas in the visible image 
were replaced by those from smaller exposure time settings. The IR results only 
contributed to the hot exhaust gases in the plume of the solid rocket booster en- 
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(a) (b) 


Figure 10.37 (a) Snapshot of STS 135launch five visible and IR imagery to create a compos- 
recorded with a single visible camera whose ite that also shows details within the plume. 
exposure time was set such that the shuttle (Image courtesy NASA, MSFC, KSC, and AMES, 
itself is readily seen. (b) Fusion image using Darell Gaddy.) 


AT 
202:05:57:16.319 202:05:58:03.367 


(a) (b) 


Figure 10.38 IR snapshots of STS 135 landing recorded with FLIR SC8300 camera equipped 
with 1000 mm telelens. (Image courtesy NASA, MSFC, KSC, and AMES, Darell Gaddy). 


gines as well as the exhaust of the space shuttle engines itself. More images of the 
start as well as further information related to the composite image can be found 
in the official NASA sources [96]. 

Finally, Figure 10.38 shows the final phase of a landing of a space shuttle in an IR 
image. Several landings at day and night were recorded [97, 98]. Note that the nose 
of the shuttle is still quite warm (Figure 10.38a). A bit earlier, at a more oblique 
angle, one could also see that the belly is still warmer than the top. In addition, one 
may observe that upon touch down, the wheels heat up rapidly owing to friction 
with the ground. Figure 10.38b shows the shuttle from behind after touchdown. 
Clearly, the wheels are the hottest parts. 


10.8 Plastic Foils 


10.8 
Plastic Foils 


10.8.1 
Spectra: Selective Emitters 


Accurate temperature measurements are crucial to any process in the plastics in- 
dustry where temperature is a relevant factor. There is a large variety of applica- 
tions for thermal imaging in extrusion, coating, thermoforming, laminating, and 
embossing. However, plastics present problems in connection with IR imaging 
because they are selective emitters (Section 1.4). 

Thin plastic foils are typically selective emitters. Their spectral emissivity equals 
the spectrally dependent absorptance a(1). Reflectances are very small (order of 
%) and neglected here. Figure 10.39 gives examples of absorptance spectra of sev- 
eral foils, computed from the transmission spectra according to a(1) = 1 — T(A). 

As is obvious from Figure 10.39, the emissivity of thin plastic foils (e.g., polyvinyl 
chloride, polyester, polyethylene, polypropylene, nylon) changes strongly within 
the spectral ranges of the MW and LW thermal imaging systems. Such foils are 
selective emitters. In addition, they are not opaque, that is, an IR camera partially 
looks through sucha foil. As a consequence, any broadband thermal imaging gives 
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Figure 10.39 Spectral dependence of absorptance (emissivity) of polyester foils with different 
thickness (measured with a Bruker IFS 66 Fourier transform spectrometer). 
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inaccurate temperature values, particularly if other hot objects are behind the 
foil. 

Even if background radiation is negligible, a quantitative analysis is tricky. One 
may, for example, think of correcting the changing emissivities by averaging the 
absorptance in the spectral range of the imaging system. It is, however, not possi- 
ble to calculate simply an average emissivity because the spectral distribution of 
the emitted radiation follows Planck’s law (Section 1.3.2). Therefore, an “effective 
emissivity” within the spectral bands used for thermal imaging depends on the 
object temperature [99], as has been shown for selectively transmitting IR win- 
dows. 

An experiment was performed to illustrate this effect. One half of a heated 
blackbody source was covered with a 25 um polyester foil (only during the mea- 
surement to prevent a temperature increase of the foil). The camera radiometric 
signals with and without foil were recorded and compared for MW (3-5 um) and 
LW (8-14 um) cameras (Figure 10.40). For the MW camera, a nearly constant ra- 
tio (decreasing from about 0.9 to 0.8 for the observed T range) between the two 
object signals with and without foil is observed, indicating that an “effective emis- 
sivity” value may be used to characterize the foil absorption. This is due to the 
fact that in the MW region, the Planck curves are still rising and the main effect 
of the foil is just to make the detected spectral region a little bit narrower owing 
to the absorption peak around 3.43 pm. 
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(d) 
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Figure 10.40 Temperature-dependent absorptance/emissivity of 25 um polyester foil within 
MW and LW spectral range (object signals measured at different emitter temperatures). 
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This nearly constant ratio no longer holds for the LW region since the shift of 
the Planck curve with temperature is now affected by the absorption bands around 
8.5, 10, and 12 um. The ratio decreases from about 0.8 to 0.5 when changing T 
from 50 to 150°C. We conclude that MW cameras are better suited to measure 
temperatures of such thin plastic foils. 

From the spectrum of Figure 10.39d, it is, however, also clear that LW cam- 
eras are well suited to analyze temperatures of coated plastics (and also of foils 
with thickness > 250 um) since emissivity is high with only a minor wavelength 
dependence. 

The best choice to measure the temperature of thin plastic foils is to use a filter 
adapted to a narrow absorption band in the spectrum. The wavelengths of the 
absorption bands depend on the type of plastics and can be determined by an IR 
transmittance measurement. 


10.8.2 
Images: Looking through Plastics 


From the spectra it is obvious that thin plastic foils are partially transparent to 
broadband IR radiation. This is demonstrated in Figure 10.41, which shows a 


Polyester 25 um 


Coated polyester 35 um PVC 200 um 
(c) (d) 


Figure 10.41 Demonstration of transmittance of various plastic foils in LW IR spectral region 
using thermal imaging. 
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person recorded without (Figure 10.41a) and with three different plastic foils 
(Figure 10.41b—d) between a LW camera and the person. The transmittance de- 
pends on the material and the thickness [58]. It is easy to see through the thin 
foil (Figure 10.41b), coated polyester still shows a small residual transmission 
(Figure 10.41c), whereas a thick foil is more or less opaque (Figure 10.414). 

The same phenomenon is observed looking through visibly opaque plastics. 
Figure 10.42a shows a person later covered by a black garbage bag (Figure 10.42c). 
The corresponding LW IR images (Figure 10.42b,d) show that one can easily see 
through the plastic and make out the face, although the bag is completely opaque 
in the visible spectral range. This behavior is of course very similar to looking 
through plastic in the SW range (e.g., Figure 6.15). 

Finally, we note that looking through plastic or related materials can also be 
useful in surveillance and security (next section). In 2013, the Boston bomber 
was found, through the use of IR cameras, hiding under a plastic tarp in a boat. 
He was invisible to human eyes, but the police helicopters were equipped with 
IR cameras and could easily locate him thanks to the residual transmission of the 
plastic. 


(d) 


Figure 10.42 Demonstration of transmittance of a visibly opaque plastic garbage bag in LW 
IR spectral region. Besides the transmission of plastic, one can also see the opaqueness of glass 
(see also Chapter 5). 
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10.9 
Surveillance and Security: Range of IR Cameras 


10.9.1 
Applications in Surveillance 


Not surprisingly, IR thermal imaging has found many applications in the field of 
security and surveillance. Here modern camera systems have many advantages 
compared to classical NIR image intensifier systems [100]. IR imaging is used ex- 
tensively for the protection of critical infrastructure, that is, industrial assets such 
as airports, power plants, petrochemical installations, or warehouses. In particu- 
lar, it is used for perimeter monitoring. Nowadays, it is even possible to construct 
sophisticated “thermal fences” around any facility using a series of IR cameras with 
overlapping fields of view and appropriate software tools. If an object of elevated 
temperature crosses such a line, an automated alarm is triggered. All kinds of IR 
cameras can be used as regular surveillance tools, the only difference with other 
imaging applications being the fact that these cameras must be operated under 
all weather circumstances, whether extremely warm or extremely cold, whether 
it is sunny, raining, or foggy. Therefore, surveillance cameras mostly have a special 
design. 

Figures 10.43 and 10.44 show two typical examples. Surveillance cameras may 
be used to monitor large and dark parking lots (Figure 10.43) or the fenced 
perimeter of an industrial facility at night (Figure 10.44). 

Besides security applications, IR imaging is also used when searching for miss- 
ing persons, for example, disoriented people, fugitives, or even shipwrecked peo- 
ple at sea [101]. Surveillance cameras are available with either cooled MW detec- 
tors or uncooled microbolometer LW detectors, which now typically have a stan- 
dard 640 x 480 pixels (320 x 240 pixels are available, too) and a variety of lenses and 
FOVs. To avoid ice buildup on lenses in wintertime, cameras are usually equipped 
with a lens heater (which is also standard for the cameras in cars) (Section 10.6.2). 
This also helps to avoid water films on lenses in situations of high humidity. 


Figure 10.43 Monitoring a secured park- 
ing lot at night with a surveillance camera. 
Potential car thieves can be detected. 
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Figure 10.44 Monitoring a fenced-in prop- 
erty at night at a distance of about 100 m 
with an IR surveillance camera. In contrast to 
the IR image, no visual camera image would 
be able to detect anything. 


10.9.2 
Range of IR Cameras 


There is one major question that is usually raised in surveillance issues that is not 
as important in regular thermal imaging applications (with the exception of pas- 
sive IR in cars): is it possible to see through haze, fog, and rain, and what is the 
resulting range of an IR camera? This question is related to quite a few aerospace 
applications. For example, safety issues during landing at airports under unfavor- 
able weather conditions like fog have raised the issue of whether IR cameras can 
improve visibility and thus help approaching aircraft during landing [102]. 

A similar question has been addressed from a different perspective: what is 
the influence of long atmospheric paths of tens to hundreds of meters through 
a hazy atmosphere with respect to radiometric calibrations of MW IR cameras? 
This problem was investigated by comparing experimental data to atmospheric 
MODTRAN modeling results [103]. For the MW range, the two major attenuat- 
ing species are CO, and H,O vapor. The aerosol contribution is usually modeled 
by the type of aerosol (see following discussion) and the visual range. It was found 
that deviations occur between experiment and theory, which means that quanti- 
tative radiometric measurements can usually not be performed over distances of 
hundreds of meters to 1km. 

The question of what is the actual range of an IR camera, however, requires 
no quantitative radiometric data; hence, much larger distances may be expected. 
However, a number of factors will have an influence on actual ranges of IR cam- 
eras: 


Spectral range, type of detector (cooled or uncooled), and sensitivity; 
Lens and size of object; 

Temperature of target and background; 

Atmospheric transmission for ideal clear sky conditions; 

Humidity of the air; 

Aerosol contribution in the atmosphere: haze; 

Additional atmospheric properties: fog, rain. 
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The first three factors are common to all applications. The range is related to the 
reduction in apparent contrast [104, 105]. In the visible part of the spectrum, the 
visual range is defined by a reduction in the apparent contrast radiance between 
target and background to 2%. The range for IR cameras is related to the mini- 
mum resolvable temperature difference and the noise-equivalent temperature dif- 
ference (NETD) (Section 2.5). In one model [102], the IR range was determined 
by analyzing the temperature difference of a bar pattern versus background. The 
range was then defined as the distance where this radiation temperature difference 
equals the NETD. 

The attenuation of IR radiation along the path from object to observer is due 
to the molecular species in the atmosphere (Chapter 8), in particular, the strongly 
varying humidity. In addition, various kinds of aerosols may scatter or absorb IR 
radiation. For easier modeling, only six climate types were defined: tropical cli- 
mate, midlatitude summer, midlatitude winter, subarctic summer, subarctic win- 
ter, and US standard. Each climate could in addition be combined with different 
types of aerosols. The following aerosol types were analyzed: rural, urban, mar- 
itime, advection fog, radiative fog, and desert. 

Each aerosol type is characterized by size and material contributions with well- 
defined absorption and scattering properties of radiation. The concentration of 
these aerosols is usually characterized by the corresponding visual range or me- 
teorological optical range [106]. 

Rather than speak of aerosols in the air, one often refers to a hazy atmosphere. 
Haze refers to the fact that dust, smoke, and other dry particles (e.g., from traffic, 
industry, wildfires) can obscure the clarity of the sky, thereby reducing visibility. 
Besides haze, the World Meteorological Organization also classifies horizontal 
obscuration in the atmosphere by the categories fog, mist, haze, smoke, volcanic 
ash, dust, sand, and snow. 

Usually, dry haze refers to small particles made of dust or salt with typical sizes 
on the order of 0.1 um. These particles interact with radiation mostly according 
to Rayleigh scattering, which favors short-wavelength scattering. If the relative 
humidity of the air increases above 75%—80%, these tiny aerosol particles of dry 
haze act as condensation nuclei, thereby producing wet haze. It is composed of 
small liquid droplets with sizes in the micrometer range. They are able to scatter 
light much more efficiently than dry haze, thereby reducing the range. If the nuclei 
grow much larger, fog may result, with droplet sizes in the range of 10 um, which is 
similar to droplet sizes in clouds. Again the scattering efficiency of these droplets 
increases with size, which further reduces the range. 

IR radiation can have a much larger range than visible light under certain cir- 
cumstances. Such a situation is easiest for dry haze with scattering particles of 
diameters below, say, 500 nm. For this size range, visible light is greatly scattered. 
The dominant Rayleigh scattering mechanism decreases strongly with increas- 
ing wavelength (scattering is proportional to 1/1*). Therefore, IR radiation in 
a SW range of 0.9-1.7 um is much less affected. This means that NIR radiation 
can give much sharper images through such haze than visible light (see also Sec- 
tion 6.3.3.3). Examples where NIR radiation was used to detect objects at hori- 
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Figure 10.45 Example of SW IR image (a) (recorded with InGaAs camera and telescope op- 
tics) versus VIS images (b) (regular color film) of oil platform at a distance of 47 km. (Images 
courtesy A. Richards, FLIR Systems Inc.). 


zontal distances at sea level of around 50 km are shown in Figure 10.45. Obviously, 
the corresponding visible light produced only very fuzzy images — if they could 
be observed at all. 

In principle, attenuation in the atmosphere due to Rayleigh scattering decreases 
for the even longer wavelengths of MW and LW cameras, which is why one might 
suspect that these systems would have even larger ranges. This is not the case, 
however. The major reason it is not is that NIR long ranges are usually observed 
during the day, when sunlit objects are observed at great distances. Therefore, 
the detected radiation consists of scattered radiation from the sun in this wave- 
length range, which is still very large compared to contributions in the MW or LW 
spectral region (cf. Figure 7.49). LW cameras, for example, will detect a compara- 
bly negligible amount of scattered sunlight. To see long-range objects, a thermal 
signature is required, for example, the objects must be much warmer than the sur- 
roundings. For the observed objects in Figure 10.45, this is not the case. And their 
small temperature differences with respect to the surroundings only give small 
object signals, which are attenuated due to aerosol scattering and absorption by 
water vapor and by carbon dioxide. 

As a consequence, NIR cameras are the best option for long ranges in dry, hazy 
environments during daylight conditions. At night, when directly scattered radia- 
tion is absent, SW cameras also depend solely on thermal object radiation; hence, 
only very hot objects will be detectable at large ranges. 

For dry and wet haze, that is, situations with fog, model calculations with MOD- 
TRAN, an atmospheric radiative transfer code, have been performed to charac- 
terize the range of IR cameras with respect to the visual range [102]. Parameters 
for the model are the climate and aerosol type, humidity, visibility, the geometry, 
and lengths of the atmospheric path, as well as the temperature and emissivity of 
the object and background. Transmission spectra are computed from the UV to 
the millimeter wavelength region at a spectral resolution of 1 cm™! for the afore- 
mentioned climate models and differing locally prevailing aerosols. Typically 25 
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Figure 10.46 Spectral transmission for pre- radiative fog, visual range 610 m. Parameter: 
defined climate and aerosol models. (a) Mid- atmospheric path length. Image after [102], 
latitude summer climate and rural aerosol, courtesy Deutsches Zentrum für Luft- und 


visual range 1220 m. (b) Midlatitude winter, Raumfahrt (DLR). 


atmospheric species are included, in addition to pressure, temperature, and mix- 
ing ratios for 50 atmospheric layers from sea level to an altitude of 120 km. 

In general, maritime aerosols have the lowest ranges since they are usually com- 
prised of larger particles, for example, rural or urban aerosols. In situations where 
there is fog, the range also depends very sensitively on the type of fog, that is, its 
size distribution and the concentration of the droplets. Figure 10.46a shows an ex- 
ample of a reasonable visual range in the visible. It is due to rural aerosol particles, 
that is, pure dry aerosols that are typically smaller than 1 um. The transmission in 
the visible band is significantly lower than in both IR bands due to the strong influ- 
ence of Rayleigh scattering. Path ranges of more than 5km still show reasonable 
transmission, that is, they are still detectable in both IR bands. As a consequence, 
the IR range is expected to be larger by at least a factor of four compared to the 
visual range. 
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Figure 10.46b shows the results for radiative fog in midlatitude winter [102]. 
The visual range was assumed to be around 0.61 km. Results for the IR show a 
similar low transmission for the MW range, whereas LW IR radiation shows a 
much larger transmission. In this case, the LW camera is expected to have a range 
of about a factor of four larger than in the VIS or the MW IR. Finally, very dense 
fogs with visibilities below 300 or 90 m will have similar transmission spectra for 
VIS, MW, or LW IR. Radiation does just not penetrate through this dense fog in 
all spectral bands (VIS, NIR, MW, and LW), that is, the atmosphere itself is the 
limiting factor for the range, which is the same in the VIS and the IR. 

These transmission spectra have been used to actually determine the range ac- 
cording to the NETD criterion mentioned earlier. The temperature differences 
between object and background were varied between 1 and 100K. Figure 10.47 


102 


AT = 100 K 


Radiation temperature difference (K) 


= 
v 
= 


Ideal sensor 


Target: 5 m x 5m 
Target: 2 m x 2 m 


Radiation temperature difference (K) 


0.0 0.5 1.0 1.5 
(b) Range (km) 


Figure 10.47 Ranges for LW IR cameras (see 
text for details) for the case of Figure 10.46b 
with midlatitude winter, radiative fog, vi- 
sual range 610 m. (a) Ideal situation, only 
due to atmospheric conditions for AT = 1, 


10, 40, and 100K. (b) Comparison of ideal 
(MTF = 1) with realistic conditions (MTF < 1) 
for AT = 10K. Images after [102], courtesy 
Deutsches Zentrum für Luft- und Raumfahrt 
(DLR). 
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shows the results assuming a NETD of 0.15 K of the camera (indicated by the red 
broken line; lower NETD values would just lead to a lowering of this horizontal 
line). 

The detection range increases with a temperature difference between the object 
and the background and has a value of about 2.4km for AT = 10 K, which is a fac- 
tor of four larger than for the visual range. Lowering the NETD would also lead to 
longer ranges. These ideal, sensor-independent results must still be corrected for 
the sensor properties, in particular, the limited spatial and radiometric resolution 
of the camera due to the optics, the detector, and the system noise. Finally, it is 
mostly the apparent angular size of the object (having an influence on the MTF; 
see Chapter 2) that will determine the achievable range. Figure 10.47b shows re- 
sults fora AT = 10 K difference of the object versus background as a function of 
distance. The limited spatial resolution is dominant, as can be seen from a com- 
parison of the results for different target sizes. The smaller targets will become 
invisible at much shorter distances. 

Overall, these model results suggest that fog penetration is higher in the LW IR 
compared to that in the MW IR band. LW systems have the additional advantages 
of being less affected by CO, absorption and being cheaper than MW cameras. 

Rainfall consists of even larger droplets, with sizes in the millimeter range. Their 
increased scattering contribution and absorption properties significantly reduce 
the range for both LW IR and MW IR. Depending on the density of rain droplets, 
the signal decreases strongly and the range is seldom above 500 m. Another rain- 
related issue is whether raindrops (or dirt) on the lenses are important. First of all, 
if small particles are on a lens, they will be out of focus and, hence, will not affect 
image quality (similar to normal photography in the VIS range). Second, in most 
cameras, the lenses also have heaters to prevent condensation. 

As a practical example, Figure 10.48 shows VIS and IR images while looking 
at distant objects through a slightly foggy atmosphere. The IR image is obviously 
quite clear and even allows one to identify the pedestrian and his mirror image in 
the lake, which is not easily done for the still image in the visible spectral range. 


r 


(a) 


Figure 10.48 Example of looking through slightly foggy atmosphere with (a) VIS and (b) IR 
cameras. (Images courtesy FLIR Systems Inc.) 
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Figure 10.49 Measurement of temperature distribution of windshields at exit of bending 
station for automotive glass production. (Image courtesy Fluke Process Instruments GmbH 
Berlin) 


10.10 
Line Scanning Thermometry of Moving Objects 


Quite often, technological, industrial, or everyday-life processes of moving ob- 
jects need to be considered. Depending on the speed of the objects, different tech- 
niques are used. The best solution would be very high-speed IR cameras. If those 
are not available or, more importantly, if less expensive solutions are needed for 
mass production equipment, IR line scanners are the first choice. 

Figure 10.49 shows a typical industrial example. Some products, here wind- 
shields, are transported with a certain velocity during production. The task is to 
analyze product quality during movement. In the example of Figure 10.49, wind- 
shields enter the bending station, and a test should be conducted to determine 
whether the bending process introduces any defects in them. 

Using a high-speed IR camera was considered too expensive. Therefore, line 
scanners (Section 2.4.1, Figure 2.55) were used. As a matter of fact, line scanners 
are ideal candidates for monitoring industrial processes at a constant velocity: 
the lateral dimension is recorded along lines with short integration times. The 
longitudinal dimension (parallel to the velocity) is automatically recorded by the 
time sequence of the line scans. 

Consider, for example, commercial line scanners that are available typically with 
up to 1024 pixels. It is clearly an advantage to have the largest possible number 
of pixels compared to the maximum number of 640 from the current standard 
640 x 480 pixel cameras (owing to their higher cost, one megapixel IR cameras 
are still rather the exception than the rule). The operating wavelength for glass 
measurements is about 5 um. This is achieved using broadband detectors with 
a narrow filter (Section 3.2.1). Glass is opaque with a high emissivity value at 
this wavelength, which enables studies of the surface-temperature distribution of 
windshields. Line scanners have the advantage of having a very large FOV, about 
90°, which means that short distances between scanner and windshield are pos- 
sible. In contrast, most standard lenses for IR cameras offer a maximum FOV of 
45°. 
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Figure 10.50 Line scans of a moving object 
Oblique scanned lines lead to gridlines that are tilted with respect 
to the object. 


pment 


Let us consider an example ofa scanner with 256 pixels, which allows, for exam- 
ple, a 150 Hz frame rate, that is, a time of 6.6 ms between two scans (1024 pixels 
would allow, for example, 40 Hz). Assuming a velocity of 1ms7! of the wind- 
shields on the band, two subsequent line scans correspond to a distance of 6.6 mm 
(25 mm for 1024 pixels). Figure 10.50 shows how the windshield is scanned. The 
sequential readout given by the scan speed leads to scan lines that are slightly ro- 
tated with respect to the transverse object direction. The distance between two 
consecutive scans results in a line grid that is superimposed on the object area and 
forms a 2D slightly rotated IR image of the object. Its transverse spatial resolution 
is given by the number of pixels, and the longitudinal spatial resolution is defined 
by the distance between two scan lines (6.6 mm in the preceding example). The 
tilt angle depends on the ratio of scan speed to object speed. 

Figure 10.51 shows an IR image of a windshield with a defect recorded with this 
method. The IR image was first treated with advanced image-processing tech- 
niques, which made it possible to get rid of the tilt angle and noise. Obviously, such 
IR images can detect any extended inhomogeneities of the temperature distribu- 
tion, for example, owing to fissures, scratches, and so on, unless they are exactly 
parallel to the scan lines and are missed due to the line distance (in the example, 
6.6 mm). Point defects of smaller sizes would be difficult to detect. The windshield 
is still warm owing to the manufacturing process. Any fissures or other defects 
can therefore show up in the IR image since such defects can lead first to inhomo- 
geneities in emissivity and, second, they may change the heat transfer mechanisms 
like conduction in the vicinity of the defect. Images such as that in Figure 10.51 
can then be analyzed online using image processing software tools (Section 3.5) 
adapted to the problem. Thereby, automated alarms could be installed if a certain 
defect level is detected. 


10.11 
Remote Sensing Using IR Imaging 


10.11.1 
Survey of Methods 


In the context of this section, remote sensing refers to the use of sensors on satel- 
lites or other flying objects in order to gather information about objects on earth. 
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Figure 10.51 Thermal image of a windshield showing a line-type defect. (Image courtesy 
Fluke Process Instruments GmbH Berlin.) 


The type of information defines the use, which early on was primarily of a military 
nature. Later on, scientific investigations followed, and recently civilian uses such 
as IR imaging applications have started to flourish. 

The aerial platforms for the sensors can be divided into manned and unmanned 
vehicles (Table 10.2). They also differ in achievable heights, maximum payloads, 
range, operating times, and — importantly for users — price. 

Regarding IR imaging, height is a crucial factor in connection with spatial reso- 
lution. Nowadays commercial telephoto lenses of 7° for 640 x 480 pixel IR cameras 
are available, which means about 0.2 mrad IFOV. Research systems can easily have 
much higher resolutions (much more expensive optics), but standard thermogra- 
phers will use commercial equipment. Of course, a decrease by a factor of two 


Table 10.2 Platforms for remote sensing systems. 


Sensor host 


Satellite 
Jet airplane 


Helicopter 


Small- 
propeller 
aircraft 


Fixed wing 
UAV 
Tethered 
balloon 


Copter 
drones 


Typical Manned Unmanned Typical payload Range Operating Price for 

height orderof time investi- 
gation 

Above x o (10 kg)” Global Years High 

500 km 

10km x o (100- 1000km Hours High 

1000 kg)” 

Below 3km x o (10-100 kg)? 100km Hours Medium 

Below 3km x o (10-100kg)” 100km Hours Variable 

From 100m x o (10kg)” Variable Hours Variable 

up to 20 km 

Below 300m x < 5kg 10m lh < $1000 

Below 300m x 1-20kg 0.1-1km 15-30min < $500 to 
$10 000 


a) o(... kg) means “order of ...kg”. 
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for the IFOV could be attainable at reasonable prices in the near future (perhaps 
driven by drone applications); however, so far, an estimate for a lowest IFOV is 
about 0.2 mrad. In addition, initially it is often desirable to get overview images of 
an object, which requires a wider FOV. Therefore, standard lenses for IR cameras 
for drones have larger IFOV values on the order of 1 mrad. Table 10.3 gives typical 
lateral dimensions of observed objects from given heights corresponding to the 
best available and standard IFOV values. Since useful quantitative measurements 
would always require at least 3 pixels, that is, 3 IFOV (Section 2.5.3), we give the 
corresponding values as well. 

Obviously, if IR applications require a spatial resolution below 10cm, the al- 
lowed maximum height is on the order of 100 m, meaning low flying vehicles are 
required. This is the range in which most civilian IR applications are expected to 
fall. Therefore, satellites and jet airplanes are of no interest for applied IR imaging. 

In the long term, the cost of hiring a small airplane or a helicopter is usually 
much greater than using a self-owned unmanned vehicle. Therefore, helicopters 
or small aircraft are currently mostly utilized if range is an important issue, for ex- 
ample, if a survey of hundreds of kilometers of high-voltage lines is the task. Since 
tethered balloons are a strictly local solution, drones based on small unmanned 
helicopters — also called copter drones — are generally the system of choice. Fixed- 
wing unmanned aerial vehicles (UAVs) are often used for special science or mili- 
tary applications. Drones in the form of multiple-rotor small helicopters have seen 
an enormous surge in demand over the last decade. Depending on the number of 
rotors, they are sometimes called quadro-copters (four engines), hexa-copters (six 
engines), or octo-copters (eight engines). 

On the one hand, they are sold as toys for indoor use below $100 and com- 
mercial consumer products for outdoor use starting at a few hundred dollars. On 
the other hand, professional systems that can handle larger payloads, longer flight 
times, and higher maximum altitudes can cost up to $10000. They are usually 
radio controlled by an operator who stays in sight of the vehicle. The drones are 
equipped with GPS and the sensors allow moving-image broadcasts of VIS and 
IR to the operators. An incomplete list of some of today’s state-of-the-art systems 
is given in [107—114]. This field is rapidly evolving such that new systems may 
have been developed in the meantime with other properties/parameters, so one 


Table 10.3 Spatial dimensions corresponding to 1 IFOV and 3 IFOV for a camera with 
0.2 mrad IFOV (top two rows) and a commercial standard camera with wider field of view and 
IFOV = 1.2 mrad (bottom two rows) as function of height above ground. 


Height 10m 100m 1km 10km 500 km 
Dimension for IFOV = 0.2 mrad 2mm 2cm 20cm 2m 100m 
Dimension for 3 IFOV =0.6 mrad 6mm 6cm 60 cm 6m 300 m 
Dimension for IFOV = 1.2 mrad 12mm 12cm 12m 12m 600 m 


Dimension for 3 IFOV = 3.6 mrad 36mm 36cm 3.6m 36m 1.8 km 
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should always do an Internet search when looking for a new system. At present, 
typical drones used for IR cameras have weights in a range of 2—10 kg, operate 
with between four and eight rotors, offer maximum payloads of 1-9 kg, and can 
achieve maximum speeds in still air of up to 20 m/s (72 km/h, or 45 miles/h). They 
are typically specified for heights of up to around 500 m above ground, but max- 
imum altitudes of 3000 m. The key parameter is the maximum flight time, which 
does of course depend on the payload. With no payload, maximum flight times 
can reach up to 30—45 min, whereas a typical payload reduces this time apprecia- 
bly to typically 15 or 20 min or so. Of course, no operator of an IR camera will risk 
losing the camera, so typical operating times are at most 10 to 15 min for each 
flight. 

Several companies have responded to the need for inexpensive, lightweight, 
state-of-the-art IR cameras for drone inspections. For example, a FLIR VuePro 
R 640 LW camera has dimensions of only about 45 x 45 x 63 mm? with a to- 
tal weight (depending on the lens, without cables) of around 110g (4.ounces). It 
has an average power consumption of only 2.1 W, stores radiometric images with 
640 x 512 pixels on a SD card and allows analog (and with additional accessory 
also digital) video output. Three lens options are available ranging from wide an- 
gle (62° x 56°) down to a small-angle (32° x 24°) system. There are also a few other 
supplies of special low-weight cameras suitable for drones (e.g., [115, 116]). Mean- 
while it is even possible to buy complete drone-plus-camera systems (e.g., [117— 
119]). Other companies specialize in customized software [120] to use with IR 
cameras and drones. 

With the enormous increase in sold systems, many political and legal issues 
arose (e.g., [121—123]) ranging from privacy issues and intrusiveness to safety for 
other air traffic. Regulations on drones are handled at the national level. For exam- 
ple, the laws are rather strict in the United States concerning weight and allowed 
flight altitudes as well as training of drone operators. 

Out of the vast literature in the field, we will mention just a few works [124— 
144]. IR remote sensing has many fields of application besides for the military. 
They range from science (e.g., polar research, volcanoes, wildlife census, biology, 
crop health, hurricanes, archeology) to law enforcement (e.g., monitoring of il- 
legal activities like waste disposal, search and rescue operations for missing per- 
sons, disaster relief, locating terrorists like the Boston bomber) to a huge variety 
of governmental and civilian applications (e.g., fire mapping, bridge and building 
inspections, photovoltaic systems, pipelines, high-voltage lines, roof moisture on 
buildings, energy theft). 

One attempt at a useful classification scheme of IR imaging [135] with un- 
manned vehicles differentiates between detection (is it there?), identification 
(what is it?), and analysis (what does it mean?). Detection may, for example, al- 
ready be done at a greater altitude. Seeing a thermal anomaly may subsequently 
lead to decreasing the drone altitude to get a better spatial resolution and, thus, 
localize, or identify, the defect. For the analysis part of an investigation one may 
even need to have a close-up look and investigate in person. 
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10.11.2 
Some IR Imaging Applications Using Drones 


The last few years have seen a dramatic increase in the number of papers pub- 
lished on IR imaging with drones (e.g., [133-143]). 

These relate to the detection of illegal waste disposal, analysis of buildings, in 
particular roofs, finding locations of remnants of archeological sites, studies of 
still active volcanoes, or investigating other geothermal activities. It was even re- 
cently proposed that active thermography be performed from UAVs [137]. Cur- 
rently, the most popular topic in IR drone inspections deals with all kinds of pho- 
tovoltaic systems [138—141], starting with small ones on individual houses to large 
power plants with hundreds of modules. 

Figure 10.52 presents an example. The small solar field in San Diego, California 
(Figure 10.52) consists of 24 arrays, arranged in 6 columns of 3 to 5 rows. Each 
array consists of 4 x 7 individual solar panels, each having a size of approximately 
2x 1m? = 2m’. This means that one array has dimensions of about 4 x 14 m?. 
Each panel is made up of individual cells, the typical size for these industrial pan- 
els being between 12 and 16cm side length for each cell. The drone that recorded 
these images from a height of around 140 m used a FLIR Vue Pro R 640 camera 
with a 13mm lens. The IR image is displayed as a composite image. The spa- 
tial resolution for a single pixel corresponds to about 16.5 cm, that is, around the 
size of an individual cell. Therefore, the resolution is insufficient (Section 2.5.3) 
to quantitatively measure individual cell temperatures; however, the image can 
easily serve to provide a qualitative overview to spot problem areas. 

The IR image revealed the following problems (indicated by the yellow dotted 
lines), which were also checked from the ground. The small individual spots seen, 
for example, in row 1 (top row) and column 1 (left column) and elsewhere are 
individual cell failures. The individual bright panel in row 3, column 1 is likely an 
unplugged panel. The 2 x 7 panels in the top half of row 2, column 5 are brighter, 
resembling two dead strings. The same applies to the 2 x 7 panels in the bottom 
half of row 4, column 6. Finally, the center panel in row 2, column 6 is warmer, 
which indicates that it is unplugged. 

Figure 10.53 shows another example of an IR drone inspection of a solar power 
plant in Germany (data courtesy M. Hambsch [145]). Here the drone was used at 
lower altitudes, giving a better spatial resolution. 

The Optris IR camera images of 640 x 480 pixels [116] were recorded with a 33° 
HFOYV lens, that is, about 0.9 mrad HIFOV. The solar panels had typical dimen- 
sions of 1.7 m length and 1 m width, which makes it possible to estimate the drone 
altitudes for each individual image. In the overview image Figure 10.53, the drone 
operated at altitudes of about 35—40 m, and for the subsequent close-up inspec- 
tions, it was typically brought down to between 15 and 25 m above the ground. 
The most obvious feature of Figure 10.53 is the elevated temperature of the lower 
section. This section was not yet connected and therefore just heated up as a result 
of absorbed solar radiation. 
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Figure 10.52 VIS (a) and IR (b-d) images of be addressed on the ground. (c) and (d) are 


(d) 


a small solar field in San Diego, CA. The ob- enlarged and processed images of columns 1 
served thermal anomalies (see discussion in and 5. (Images courtesy Peter Hopkins, United 
text) clearly identify problems that need to Infrared, Inc.) 


Figure 10.54 shows a sequence of three close-up views of different parts of the 
field. Like Figure 10.52, it shows typical problems that may be observed during 
drone IR inspections. In Figure 10.54a,b, vertical stripes of either one-third or 
two-thirds width within a panel show up at elevated temperatures. These typ- 
ically amount to around 5 K (Figure 10.54c), meaning they are easily detected. 
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Figure 10.53 Overview image of part of 
an investigated solar power plant with a 
car parked to the side. The drone altitude 
was around 35-40 m. (Image courtesy M. 
Hambsch [145].) 


ArRef Ar2 


Figure 10.54 (a,b) Typical thermal features of problem areas in solar panels and associated 
temperature differences (c). See text for details. (Images courtesy M. Hambsch [145].) 


Since there are, for example, 6 x 10 individual cells within a panel, the stripes usu- 
ally contain either 2 or 4 series of individual cells). The likely issues encountered 
here are either dead strings (no power output at all) or potential induced degrada- 
tion (PID). The latter occurs due to leakage currents between the semiconductor 
material and other elements of the module (e.g., glass, frame). As a consequence, 
the output power of the respective cells connected in series of a module decreases, 
which leads to observable heating of these parts We emphasize that a drone in- 
spection just shows the problem areas; the final conclusion about the cause of a 
problem is only possible after a close-up inspection on the ground. 
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(a) (b) 


Figure 10.55 Spotlike thermal features observed in IR drone inspections of solar fields (a) and 
analysis of the connection box influence (b). See text for details. (Images courtesy 
M. Hambsch [145].) 


Finally, low drone altitudes, that is, high spatial resolution, allow one to observe 
features of individual cells. Figure 10.55a shows a feature due to a defective in- 
dividual cell (bottom row, lower part). In addition, the resolution is sufficient to 
detect the thermal signature of the connection boxes attached close to the upper 
edge below each panel. The respective temperature differences are also on the 
order of 5 K (Figure 10.55b) and reflect normal operating behavior. 
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Chapter 11 
Selected Applications in Other Fields 


In this final chapter, a number of miscellaneous topics are discussed that at first 
glance may seem too complex or beyond the interests of practicing thermogra- 
phers in science and industry. At second glance, however, one may realize that 
such interdisciplinary examples are becoming increasingly popular and reveal a 
huge new field of potential applications. We start with thermal imaging in the 
(human) medical sciences as a diagnostic tool and then treat veterinary applica- 
tions as well as the thermal imaging of zoo animals and wildlife studies. Changing 
topics, we proceed with IR imaging in various aspects of sports before discussing 
some exemplary applications in the arts. The final section deals with the beauty 
of nature around us. Nearly all thermographers — upon completion of their pro- 
fessional duties — probably point their camera to things around them in nature, 
for example, the sky, the Moon, or the Sun. Here explanations will be given about 
what may be observed and why. Finally, some of the most spectacular thermal fea- 
tures in nature around us will be presented: natural phenomena such as geysers, 
hot pools, and volcanoes. 


11.1 
Medical Applications 


TIAA 
Introduction 


Thermal imaging is becoming increasingly accepted by physicians as a supple- 
mentary diagnostic as well as monitoring tool for various diseases. This is based 
on the fact that diseases and injuries lead to changes in body surface temperature, 
which are recorded by sensitive IR cameras [1—4]. 

The surface temperature of an extremity reflects the result of a complex com- 
bination of central and local regulatory systems [5]. As a living organism, the hu- 
man body tries to maintain homeostasis, that is, an equilibrium of all systems 
within the body, for all physiological processes, which (among other things) leads 
to dynamic changes in heat emission. They depend on internal (e.g., blood flow, 
hormones, food intake, in particular alcohol, smoking, exercise, emotion) and ex- 
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ternal (e.g., room temperature, humidity, clothing, cosmetics, jewelry) conditions. 
This makes inevitable the development of standard operating procedures that en- 
able interpreting thermal imaging results that might influence a physician's deci- 
sion regarding further steps in the diagnostic process and treatment. 

The most important factor for the surface temperatures seems to be arterial 
blood flow because the temperatures increase with intensified blood flow, whereas 
augmented venous blood flow correlates with a temperature decrease (e.g., phys- 
ical exercise leads to a dilation of veins in order to cool down the core body tem- 
perature) [6]. This physiological process is maintained by many factors: the acti- 
vation of the sympathetic nervous system and hormones/catecholamines seem to 
play an important role. If activated, the sympathetic nervous system — partly con- 
trolled by hormones and catecholamines — leads to vasoconstriction. In a healthy 
person, skin temperature is symmetrical. Nevertheless, acral temperature varies 
more than the temperature in the area of the trunk, where it is usually higher than 
in more distal parts [7]. 

The major advantage of medical IR imaging, next to being an easy-to-handle 
tool in diagnostics and monitoring, is that the progress of a disease or the effects 
of therapeutic measures can be visualized for patients. Especially in the beginning 
of a treatment, patients may not notice sufficient relief. In this case, IR images 
can help to demonstrate the onset of changes and increase compliance for inten- 
sified or time-demanding efforts of the medical staff. This is best illustrated for 
pressure ulcers in patients with diabetes: because of the underlying disease, per- 
ception of healing is impaired by polyneuropathies. Here, IR images can visualize 
the positive effects of treatment before obvious macroscopic improvement. The 
advantages of thermography with modern camera systems are the high spatial 
resolution and fast data recording. 

Standard conditions in thermographic imaging have been discussed copi- 
ously [8]. However, they are not put in place regularly, first because of a lack 
of time, second because of patients’ noncompliance, and third because of a lack 
of knowledge. For example, room temperature as well as humidity and medi- 
cation, which may have an impact on surface blood flow, should be included 
in reports. For standardization, the five following major conditions should be 
fulfilled in order to avoid common errors [9]: 


1. Proper room conditions 
a) Minimum size of 9 m? 
b) Constant room temperature (23.5 °C) 
c) Humidity of 45-60% 
d) Noturbulent airflow, that is, no heat emitters, ventilators, or air condition- 
ing close to the patient 
e) Ifnecessary, shades should be installed to reduce the effect of sunlight 
f) Proper selection of material on walls and ceiling to avoid thermal reflec- 
tions 
2. Proper preparation of patient 
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Figure 11.1 Decrease in skin temperature (hands) over a period of 30 min after an acclimatiza- 
tion period of 15 min. (Graph courtesy K. Agarwal.) 


a) Acclimatization for at least 15 min in a proper room (resting in a natu- 
ral position, light clothing without feeling too hot or too cold), taking off 
clothes from areas to be examined 

b) No intake of food, alcohol, nicotine, coffee, or tea 2h before examination 

c) No physical exercise 24h before examination 

d) No deodorants, crèmes, perfumes, solutions, or shaving at the body sur- 
face areas to be monitored 

e) No acupuncture, transcutaneous electrical nerve stimulation, or invasive 
procedures before examination 

f) Jewelry removed 4h before examination 

g) No excessive tanning or sunburns 7—10 days before examination 

3. Standardized equipment 

a) Calibrated IR camera, low noise-equivalent temperature difference 

b) Camera switched on at least 1h before examination in the same room (see 
switch on behavior and thermo shock, Section 2.4.6) 

4. Proper recording and storage of acquired images 

a) Avoid grazing incidence of radiation on camera, select viewing angle close 
to 0° since e = e (angle) (Section 1.4) 

b) Files should include gender, age, diagnosis, current medication, size, 
weight, room conditions, and date 

5. Representation of images 

a) Standardized temperature scale (color palette, level, span), often a range 

of 23—36 °C or 24—38 °C is chosen. 


In many books on dermatology or physiology, normal skin temperature is de- 
fined as falling in a range of 32—34°C. In addition, despite proper acclimatiza- 
tion, skin temperature continues to drop at least 30 min into an examination (Fig- 
ure 11.1). Even if all of the aforementioned items are followed strictly, the human 
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(c) (d) 


Figure 11.2 IR images of four healthy subjects — (a,c) female, (b,d) male, all age 25 recorded 
before a/b and after c/d) - after acclimatization for 15 min at standardized conditions. (Images 
courtesy K. Agarwal.) 


body is a highly dynamic organism, so even under the same conditions, surface 
temperature may vary intra- (0.4—11 K) and interindividually (up to 12.3 K) with- 
out any obvious cause, the largest variations occurring at the extremities (Fig- 
ure 11.2). This makes interpreting thermograms even more complicated [10]. 

For each application, different aspects are important; thus, here only a few case 
studies of medical applications — pain management, acupuncture, and breast can- 
cer — are discussed in more detail; others are mentioned only briefly. Exemplary 
results will be presented based on the extensive work of K. Agarwal [10-15], 
though of course many more researchers work in this field. 


11.1.2 
Diagnosis and Monitoring of Pain 


Objectively determining pain intensity is a key element of pain management. Un- 
fortunately, so far no tool has been developed that sufficiently fulfills this task; 
hence, it is extremely difficult to conclude whether some treatment being offered 
to a patient is helpful or not. In particular forms of pain, that is, neuropathic 
and sympathetically maintained pain, blocks of the sympathetic nervous system 
are performed to diminish pain intensity. They often result in significant relief, 
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though there is no way to prove that the relief did not result from blocking struc- 
tures other than the sympathetic nervous system like spinal nerves or if it is just 
a psychological effect. Because sympathetic fibers affect blood flow by varying 
the size of vessels, a rise in skin temperature is expected from sympathetic blocks 
because variation of skin perfusion correlates with surface temperature. The con- 
figuration of changes in skin temperature provides us with precious information 
on the success of interventions besides the patient’s subjective impression. There- 
fore, it has been proposed [11—13] that IR thermography can obviously be utilized 
as a diagnostic tool with extraordinary sensitivity and repeatability, although it 
has been rarely applied in that manner so far. Two examples of pain treatment are 
discussed in more detail [14]. 

First, the complex regional pain syndrome (CRPS) is a painful syndrome usu- 
ally affecting distal extremities of the body and manifesting itself with a wide 
variety of symptoms. The most outstanding feature is unbearable pain, including 
spontaneous pain, allodynia, hyperpathia, and hyperalgesia. Usually, the affected 
extremity displays changes in color or temperature (vasomotor disturbances), 
edema, alterations in transpiration, hair and nail growth (sudomotor distur- 
bances), and muscular atrophy or dysfunction (motortrophic disturbances). In 
some cases, a specific initiating event can be identified, for example, trauma or 
surgery, but occasionally it is observed after stroke, myocardial infarction, infec- 
tion, or even without an obvious causing event. The course of the disease varies 
interindividually. If proper treatment is not available, or in some cases despite 
treatment, it may lead to persisting diminished function of the affected limb, 
which deeply impairs the patient’s quality of life. 

Temperature variations are commonly considered to be a major criterion in the 
diagnosis of CRPS; hence, IR thermography can be utilized as a diagnostic tool 
in CRPS with extraordinary sensitivity and repeatability, though it is not specific 
(Figure 11.3). As a matter of fact, good correlation is found between skin temper- 
ature and skin sympathetic nerve activity, so skin temperature can be regarded as 
a very good predictor of sympathetic activity. 

The CRPS malady can be treated with blocks of the sympathetic nervous sys- 
tem, which in turn will have an impact on skin perfusion (Figure 11.4). Pain can 
usually be reduced within a few hours after injecting a local anesthetic, but com- 
plete treatment is very time consuming; patients often lose patience. To increase 
compliance to continue therapy, IR images are very useful. 

Second, osteomyelitis is a painful infection of the bone and marrow. In adults 
it primarily affects digits of the feet and is most often associated with diabetes 
mellitus. Very often it is accompanied by neuropathic pain, which refers to an as- 
sortment of pain states with a common feature: symptoms are suggestive of dys- 
function or lesion of nerves. 

Treatment may be complicated and time consuming, often requiring prolonged 
antibiotic therapy for weeks or months, and sometimes surgical intervention may 
be required [14]. The lack of efficacy of antibiotic treatments may correlate with 
diminished blood flow in the affected area. This can be easily detected using 
thermography. In particular, it may reveal physiological changes that cannot be 
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Figure 11.3 IR image prior to sympathetic block in a female patient with CRPS; note that the 
surface temperature on the right hand is about 2 K lower than in the unaffected left hand. 
(Images courtesy K. Agarwal.) 


Figure 11.4 IR images 2h after sympathetic up to AT = 10K, as opposed to AT = 3 K con- 
block of hands in the same patient; the block __ tralaterally. All images were recorded using 
was performed on the right side, and hence the aforementioned standardized procedure. 
perfusion of that hand and that side of the (Images courtesy K. Agarwal.) 

face led to an increase in skin temperature of 


demonstrated by ultrasound, computed tomography (CT), or magnetic resonance 
imaging (MRI). A healthy human usually presents a symmetric surface temper- 
ature that correlates with tissue blood flow, which is influenced by sympathetic 
activity. In the treatment of sympathetically maintained pain, thermography is 
used to prove the efficacy of sympathetic chain blocks in order to determine 
whether neuroablation is indicated and might be effective. Figures 11.5—11.7 dis- 
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Figure 11.5 IR images of patient before treatment. (a) Facial image; circle: location of infection. 
(b) Dorsal IR image of hands. (Images courtesy K. Agarwal.) 
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Figure 11.6 IR images of patient during treat- blue shades on the dorsal surface of the hand 
ment. (a) Facial image, indicating increased originate from an intravenous access that was 
blood flow on right side of face. (b) Palmar taped to the skin. (Images courtesy K. Agar- 
IR image of hands. The pink dots and dark wal.) 


play IR images of a young male who suffered from osteomyelitis in his jaw for more 
than 5 years following an accident. He had undergone initial surgery, including 
bony reconstruction of the jaw, and received multiple doses of antibiotics; still, 
healing would not progress as desired and he suffered from neuropathic pain in 
the affected area that started spreading over his whole face. As sufficient blood 
supply is inevitable for the delivery of satisfactory amounts of antibiotics to the 
affected site, the primary aim in treating this patient was to increase perfusion in 
the area involved. 

Figure 11.5 shows the patient’s face and hands prior to treatment. On the basis 
of the hypothesis that the whole disease might be sustained by the sympathetic 
nervous system, he received blocks of the stellate ganglion and the thoracic sym- 
pathetic chain. Figure 11.6 shows IR images during continuous infusion of a local 
anesthetic. The increased blood flow led to higher skin temperature on the right 
side of the face, as intended. The same applies to the hand, which proves that 
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Figure 11.7 IR images of patient after treatment. (a) Facial image; blood flow is augmented all 
over. (b) Perfusion of hands returns to preinterventional level. (Images courtesy K. Agarwal.) 


the effect is most likely sustained by the sympathetic nervous system. Figure 11.7 
presents IR images following 10 days of infusion treatment with local anesthetics: 
facial blood flow is augmented all over, whereas the perfusion of the hands has re- 
turned to the preinterventional level. The patient was still feeling well 15 months 
after the treatment. 


11.1.3 
Acupuncture 


Acupuncture is an ancient Chinese approach to treating various kinds of diseases. 
In Western societies, where it is considered to be a nontraditional approach, it has 
been particularly adapted to the treatment of pain. Recently it has been increas- 
ingly applied in therapeutic concepts for treating multiple illnesses, especially be- 
cause of the growing demand by patients themselves, who believe this treatment 
to be less harmful and a “softer” method than Western medicine, avoiding the 
chemicals contained in regular medication and pills. The demand for acupunc- 
ture has also grown in cases where Western medicine may not offer a solution, 
for example, if no morphologic correlates can be found in laboratory specimens 
or other diagnostic procedures like imaging techniques. 

The most important effective structural elements of acupuncture are acupoints. 
According to traditional Chinese medicine (TCM), their distribution defines the 
system of channels, also called meridians, through which qi flows. No generally 
accepted proof for meridians has so far been given. There is no exact translation 
for qi into a term recognized by Western medicine, though it is often referred to 
as “vital energy.” In acupuncture, needles are inserted into acupoints. In this case, 
patients often indicate feeling a strange sensation that may include a feeling of 
warmth, cold, strong emotions, or relaxation referred to as the deqi sensation. So 
far, scientists have not been able to attribute this feeling to a specific bodily reac- 
tion, and so far no scientific proof for the efficacy of acupuncture has been found. 
Several theories of why and how acupuncture might work have been put forth. 
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Because of a lack of scientific evidence, conventional medicine often does not ac- 
cept or believe in symptom alleviation by acupuncture. Recent research revealed 
that at least at the Hegu point, a specific effect occurs: needling of this acupoint 
results in a massive increase in skin temperature, whereas needling of the skin 
or muscle (so-called sham needling or false needling) or no needling leads to a 
decrease (Figure 11.8). The study was performed with 50 healthy volunteers as a 
randomized single-blinded placebo-controlled crossover clinical trial [15]. 

The visualization of acupoint distributions as well as the course of the meridi- 
ans by measuring the skin surface temperatures has aroused controversy. Because 
meridian-like structures could be located by some researchers, others claimed 
that inferior techniques would produce these phenomena. Litscher [16] could 
not visualize structures based on meridians as described in TCM. With the aid 
of various IR cameras with diverging properties like resolution and with differ- 
ent methods of stimulation (e.g., Moxibustion, acupuncture, LASER), they were 
clearly able to objectively quantify technical reflection artifacts from the moxa- 
cigar on the skin of healthy probands that appeared to be meridian-like at first 
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Figure 11.8 Thermograms of hands before, during, and after needling at the Hegu point, the 
skin, and muscle. (Images courtesy K. Agarwal.) 
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sight. No thermal reflection phenomena were present, and no meridians could be 
detected as soon as stimulation without heat was applied. Other authors describe 
channel-like pathways not known to TCM. Considering all the facts discovered 
so far, clearly an underlying anomalous dispersion must be insinuated. 


11.1.4 
Breast Thermography and Detection of Breast Cancer 


Because of its noninvasive, nonradiating, and passive nature, IR thermal imag- 
ing is becoming more accepted in the early detection of anomalies of the breast. 
Usually, clinical breast exams, mammograms, and ultrasound are utilized in di- 
agnosing pathologies of the breast. Although conventional breast-imaging tech- 
niques routinely include mammography and ultrasound, growing interest in other 
approaches has drawn increasing attention to exploiting the anatomical and phys- 
iological basis for understanding breast cancer. With the aid of thermography, tu- 
mors in the breast are to be identified due to elevated surface temperature caused 
by the increased blood flow as a response to augmented cellular activity. 

In detail, breast thermography is based on the premise that before abnormal 
cells can grow, a constant blood supply must be circulated to the growth area. 
Thermography measures the breast surface temperatures and, hence, the heat 
generated by the microcirculation of blood in the breast during this process. 

The chemical and blood vessel activity in both precancerous tissue and the area 
surrounding a developing breast cancer is almost always higher than in the normal 
breast [17—19]. Since cancerous masses are highly metabolic tissues, they need 
an abundant supply of nutrients to maintain their growth, which is achieved by 
increasing blood supply to their cells. The resulting increase in regional surface 
temperatures of the breast can be detected with IR breast imaging. 

In 1956, thermography was introduced into screening but was abandoned 20 
years later because it was not on par with previously mentioned methods, though 
no single tool provides excellent sensitivity and specificity. In the United States, 
breast thermography was later approved by the Food and Drug Administration in 
1982 as an adjunctive diagnostic screening procedure for the detection of breast 
cancer. Protocols have also been standardized concerning patient preparation, 
image collection, and reporting [18]. 

Being a passive procedure, thermography application, especially in younger 
men and women, is favored because cumulating hazardous effects of radiation 
might be minimized. An assemblage that incorporates thermography might en- 
hance accuracy. It is desirable to develop new approaches including regression 
analysis, highly precise diagnosis using thermography techniques, and high- 
resolution digital camera systems [20]. In the past few years, many studies on 
breast thermography have been reported not only in the medical but also in the 
IR community [17-19, 21-23]. 

Figure 11.9 shows two examples of IR images of two high-risk patients. Such 
images are evaluated following standard procedures that include analyzing the 
symmetry of thermal patterns between breasts, the consistency of thermal pat- 


27.0 


(a) 


Figure 11.9 Two IR images of breast screens 
following standard procedures. (a) Tempera- 
ture differences of around 2 K suggest addi- 
tional diagnostic tools and closer observation. 
In this case, the mammogram was negative. 
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regular negative annual mammography ex- 
amination. Reexamination after this high-risk 
thermography finding confirmed breast can- 
cer, which led to the mastectomy of the left 
breast. (Images courtesy A. Mostovoy.) 


(b) Example of thermogram of patient with 


terns with normal anatomy, and the quantitative temperature differences between 
breasts [18]. In Figure 11.9, both patients show temperature anomalies in the 
range of 2 K or higher. All images are analyzed using specialized software, and the 
images of the breasts are grouped in five risk categories from TH-1 to TH-5, with 
TH-1 indicating the lowest possible risk of developing breast disease and TH-5 
the highest risk. Any abnormal thermographic scan result of the breast clearly 
demonstrates abnormal areas of heat. This should be considered an alert that 
something might be wrong with the physiology of the breast. It could be an in- 
fection, inflammatory disease, trauma, or cancer. 

As a consequence, thermal imaging is definitely not a standalone screening ex- 
amination. It is simply a method to detect physiological changes associated with 
the presence or increased risk for the development of breast cancer. Breast ther- 
mography has been studied for over 60 years, and over 800 peer-reviewed breast 
thermography studies have been published. In the Index Medicus database, well 
over 250 000 women have been included as study participants. As a result, breast 
thermography has an average sensitivity and specificity of 90% [18]. 


11.1.5 
Other Medical Applications 


11.1.5.1 Raynaud's Phenomenon 

In Raynaud’s phenomenon, episodic, long-lasting recurrent vasospasms occur 
primarily in the extremities in response to cold or emotional stress, though other 
acral parts, such as the ears, chin, nose, nipples, and tongue, may be affected, too. 
Patients experience reversible discomfort and color changes (pallor, cyanosis, and 
erythema). The disease is common in cold climates. Young women are more of- 
ten affected than other groups. Pathophysiology may result from an exaggerated 
a-adrenergic response, triggering vasospasms. Sometimes an association with 
rheumatic conditions can be recognized. IR thermography may reveal clinically 
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(c) 


Figure 11.10 Thermogram of hands (a) and the face, however, a markedly reduced tem- 
face (c) in Raynaud's phenomenon; note that perature (AT = 7.6K) of the nose is evident. 
clinically no pathology was found in the VIS (Images courtesy K. Agarwal.) 

picture (b) of the hands. In the IR image of 


undiagnosed Raynaud’s syndromes, in particular if the skin sometimes looks nor- 
mal upon inspection, though patients report pain or paresthesias (Figure 11.10). 


11.1.5.2 Pressure Ulcers 

Pressure ulcers (bedsores, decubiti) occur as tissue is compressed between bony 
prominences and a solid underground, leading to skin defects ranging from simple 
erythema to skin loss with extensive soft-tissue necrosis. Older patients or people 
suffering from impaired circulation, immobilization, malnutrition, and inconti- 
nence are prone to this complication, and bacterial superinfection is a serious risk. 
The clinical appearance of a lesion usually suffices to diagnose an ulcer, though 
depth and extent may be difficult to verify. Constant and repetitive assessment is 
compulsory for successful management of the disease. Serial photographs, that 
is, conventional pictures as well as IR images, aid in documenting the course of 
healing (Figure 11.11). 

Several other successful medical thermography applications have been re- 
ported. As examples, we mention, first, evaluating the coronary flow during a 
myocardium revascularization operation [24], second, using IR imaging as a tool 
in medical emergencies to quickly gain triage information, that is, help to decide 
which victims, for example, of car accidents need help first [25], and third, the 
development of new expanded medical imaging by registering and merging 2D 
IR imagery with 3D MRI techniques [26]. 
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Figure 11.11 Pressure ulcer on right heel. (Image courtesy K. Agarwal.) 


Finally, new medical applications of IR cameras are sometimes also due to top- 
ical issues. One example is the outbreak of severe acute respiratory syndrome 
(SARS) some years ago. In 2003, the SARS outbreak resulted in 813 deaths world- 
wide in half a year, with 8437 people officially reported as being infected [27]. 
SARS is transmitted by respiratory droplets or by contact with respiratory se- 
cretions of patients. It can spread very rapidly through public transport such as 
trains and airplanes. Therefore, soon after the outbreak, authorities arranged for 
screening procedures of travelers, looking for fever symptoms [28]. The goal was 
to prevent spreading of the disease by identifying the few infected people with 
fever out of thousands without fever by screening, for example, the large number 
of passengers arriving at airports from abroad. Because of the large numbers, tra- 
ditional oral thermometers or spot IR thermometers were not practicable. Rather, 
IR imaging systems were used [27, 28] to find potentially febrile individuals. Be- 
cause of the political pressure to stop a developing pandemic, large numbers of 
IR camera systems and IR spot pyrometers were needed, which provided a mo- 
mentary stimulus to the industry. Finally, we mention that there are additional 
medical applications of near-IR (NIR) imaging (e.g., finding blood vessels below 
the skin in infants; see Section 6.3.3.9). 


11.2 
Animals and Veterinary Applications 


Animals like humans vary in response to painful changes, be it illness or injury, 
in their bodies. Most often, increased or decreased blood flow to the related body 
regions leads to temperature changes from normal. Therefore, many diseases or 
structural changes due to injuries can be seen indirectly via thermal anomalies 
or asymmetries on the animal surface. The important issue is that the body of 
an animal — even if not showing acute signs of pain — usually develops a thermal 
signature or asymmetry, and often such temperature changes are the first indica- 
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tion of a problem. Thermal imaging is the proper tool to identify changes in heat 
patterns, and this information can be used in diagnosis [29, 30]. 

Consider, for example, horses experiencing pain in a leg: some become obvi- 
ously lame, some may experience minor changes, but in any case significant meth- 
ods of examination are required to detect the cause of the change. In contrast, 
other horses will mask their pain and show no visible obvious change in their 
gait [31]. In the latter case, IR cameras are valuable tools for evaluating and de- 
tecting such lameness issues, which otherwise could take up to 2 weeks before 
showing up with obvious signs. If used in conjunction with the evaluation of a 
veterinarian, thermal imaging makes it possible to make immediate changes, pos- 
sibly preventing disastrous effects for the animal. 

However, whenever thermography is used for veterinary purposes, it must be 
kept in mind that the method should usually be combined with other examina- 
tion methods like X-ray scans, if needed. When thermal anomalies are detected, 
additional methods, such as X-ray, CT scan, or MRI, should be applied as well, 
and the information from methods should be combined for a diagnosis. 

Consider, for example, X-rays: they are helpful in identifying bone changes and 
some changes in soft tissue, but they do not have the capability to evaluate soft 
tissue changes to the extent that thermal imaging does. Thermal imaging shows 
physiological changes such as increased or decreased blood circulation, lack of 
or diminished nerve function, and swelling. It can therefore give additional infor- 
mation that complements other examination techniques. Since it is a noninvasive 
technique, it has the additional advantage that it reduces stress in the owner and 
the animal. 

Nowadays, animal IR imaging may be divided into thermography of either pets 
and zoo animals on the one hand and wildlife on the other. From an economic 
point of view the distinction would be more between equine thermography and 
studies of other animals. This is most probably due to the fact that horses are 
quite expensive animals, especially those used in sports. Therefore, owners are 
willing and able to invest much more money in the animals’ welfare than is usually 
the case for other animals. Nevertheless, there has been an enormous increase in 
thermal imaging applications for all kinds of animals lately (e.g., [32—36]). 


11.2.1 
Pets 


Most owners of IR cameras have probably recorded some images of animals — 
mostly their own pets when they are in good health (Figure 11.12). Such IR images 
have no relation to veterinary applications. They are usually fun to look at, but 
they may also point out differences between various animals, for example, in body 
temperatures or thermal insulation due to fur or bare skin, and so on. For example, 
cats’ noses are usually the point of lowest temperature owing to evaporation, while 
eye and ear holes are the warmest regions. After being outside in the cold, the 
fur serves an insulating function quite well and quickly warms up the cat when 
it first enters the house again, though the paws can stay cold for quite a while. 
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(a) (b) 


Figure 11.12 (a) IR images of a cat inside a house (21 °C) or (b) after being outside for a while 
at air temperatures below 5 °C. 


Figure 11.12a also shows the frame of a glass door to the patio with the usual 
characteristic geometrical thermal bridge features, and Figure 11.12b shows the 
cat’s reflection from the ceramic tiles of a bathroom. 

Of course, regular observations of one’s pet can also help to detect illnesses or 
injuries since a comparison with “healthy” IR images will reveal thermal anoma- 
lies or asymmetries. In this respect, the pets of thermographers could very well 
receive the best possible benefit from thermal veterinary imaging. The following 
examples discuss some cases of zoo animals where thermography proved to be a 
versatile and successful diagnostic tool. 


11.2.2 
Zoo Animals 


Many major cities around the world have zoos with a large variety of animals in 
captivity. Obviously, veterinary care for zoo animals is a primary concern, and 
thermography has proven to be a valuable tool in diagnosis, documentation, and 
monitoring in particular for very large animals such as elephants or camels [37, 
38]. 

Figure 11.13 shows an example of IR images of two giraffes [31]. The front giraffe 
(Figure 11.13a) had a known injury to the left rear leg. The IR image clearly shows 
a thermal anomaly in the form of lower temperature compared to the other legs. 
This is due to a lack of blood circulation in the leg. 

Figure 11.14a shows a northern white rhinoceros, an extremely rare and en- 
dangered species, in the San Diego zoo that was behaving strangely. IR imaging 
could clearly identify some abscesses (Figure 11.14c) and demonstrated the com- 
plex blood circulation in the animal’s head and the temperature gradient on the 
horn (Figure 11.14b). Unfortunately, this rhino died later and at present, only a 
few white rhinos are known worldwide, living in a conservancy in Kenya. 
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Figure 11.13 (a) IR images of giraffes, one of lower temperatures due to a lack of circula- 
them having a known injury in the left rear tion or nerve conduction. (Images courtesy of 
leg. (b) The dark blue-purple color in the leg Peter Hopkins, United Infrared, Inc. [39].) 

and the purple-lavender in the foot indicate 


Figure 11.14 VIS (a) and IR (b) images of a northern white rhino in a zoo. IR imaging was used 
to identify abscesses (c). Temperature scales are in Fahrenheit. (Images courtesy Peter Hopkins, 
United Infrared, Inc. [39].) 
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11.2.3 
Equine Thermography 


Equine thermography was one of the first applications of thermography to animals 
and is currently a fast growing field of veterinary applications of IR imaging [31]. 
It is extremely useful in the study of thermal asymmetries. As an example, Fig- 
ure 11.15 shows a routine scan done on a racehorse scheduled to leave for the 
track 7 days after the recording. The IR scan identified an abnormal hot spot that 
was confirmed later as a fracture in the cannon bone. In addition, the rear leg hoof 
temperature was cooler. This was a consequence of the horse shifting its weight 
because of the previously unknown injury. 

Another example is shown in Figure 11.16. The IR images of the horse were 
recorded after an emergency evacuation took place during a barn fire. The be- 


(a) (b) 

Figure 11.15 Routine scans of racehorses. rear leg hoof (first leg from right) indicated 
(a) Abnormal hot spot in leg (second leg from shifting weights owing to the cannon bone 
left) later confirmed as fracture of cannon injury. (Image courtesy Peter Hopkins, United 
bone. (b) The lower temperature of the left Infrared, Inc. [39].) 


(a) (b) 


Figure 11.16 Scans of left (a) and right (b) sides of neck of a horse indicated a thermal asym- 
metry, which was later confirmed as lower cervical neck injury (C6/7 fracture). (Image courtesy 
Peter Hopkins, United Infrared, Inc. [39].) 
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havior of the horse changed after the incident, and it was suspected that an injury 
may have occurred during the evacuation. The thermal scan shows an asymmetry 
in the neck, possibly indicating a lower cervical neck injury. Later it was confirmed 
via a radiograph that a C6/7 fracture had in fact occurred. 

Thermography is also used to detect laminitis, one of the most serious horse 
diseases [40]. 


11.2.4 
Wildlife 


A variety of other animals have been studied using thermography. The examples 
range from nice shots of animals still living in their natural environment, for ex- 
ample, whales, elephants, leopards, or seals [41, 42], to purposeful studies like 
rescue, recovery, and rehabitation of birds following oil spills [43]. The detection 
of birds [44] or bats in flight [45] can raise some important question about the time 
response of detectors (Chapter 2). Slow cameras with microbolometer detectors 
usually show streaks behind flying birds. Of course, these must not be interpreted 
as air warmed as the bird was flying by. Rather, they represent the effect of detector 
integration time (Section 2.5.5). An example of a flying bird (a hummingbird) is 
shown in Figure 11.17. Hummingbirds can practically stay in midair while rapidly 
flapping their wings in order to get access to nectar in flowers. Because of the 
rapid wing movements, images must be recorded with high-speed cameras. 
Another typical veterinary application is in the dairy and poultry industry [38]. 
For example, it has been demonstrated that IR imaging can be used as an early 
identifier of bovine respiratory disease in bison or in the detection of mastitis in 
dairy cows. In the poultry industry, thermography has also been used to study the 
feather cover, which in itself is an important factor determining animal welfare. 
Another important application of animal thermography in certain parts of the 
world is the field of termite and pest detection [46, 47]. For example, termites do 
more damage in the United States each year than fires and storms combined [47]. 
The most destructive termite species in the world is the Formosan subterranean 
termite because they can secrete an acid that dissolves, for example, concrete, 
steel, lead, copper, glass, and wood. One colony can consume more than 1 kg of 


Figure 11.17 A hummingbird in flight, 
recorded with a MW camera at a rate of 
430 frames/s. (Image courtesy A. Richards, 
FLIR systems Inc.) 
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Figure 11.18 Hot defensive ball consisting of many bees, raising the inside temperature to 
about 47 °C (a) and individual defender bees crawling around the nest entrance. Their thoracic 
temperature is already elevated (b). (Images courtesy M. Ono, Tokyo.) 


wood per day, which means that wooden homes can be destroyed very fast when 
infected. If moisture sources are available within the structure, nests are built 
above ground somewhere in walls. This is where thermography comes in. Ter- 
mites create irregular heat patterns due to two facts. On the one hand, the mud 
tubes they construct have high moisture content, and IR imaging techniques to 
detect moisture can be applied. On the other hand, heat is released from the diges- 
tive system of the termites in the form of CO,. This leads to thermal changes on 
the surfaces of walls, ceilings, and floors, creating irregular temperature patterns 
that can be detected with IR imaging. 

Another fascinating example of insect temperature study using thermography 
was reported recently [48]. The Japanese giant hornet is a predator of bees and 
wasps, and often several hornets join forces for a mass attack of a bee nest. Unlike 
European honey bees, Japanese honeybees have developed an ingenious strategy 
to respond to a hornet attack. Since individual counterattacks are useless, they use 
heat produced by a large group of bees to kill hornets that try to enter the nest. If 
warned of an attack, typically many worker bees wait inside the entrance, and once 
a hornet tries to enter, it is quickly engulfed within a ball of about 500 workers. 
Whereas the temperature of a typical worker without defending is about 35 °C, the 
temperature within the ball quickly rises to 47 °C (Figure 11.18). This temperature 
is lethal to the hornet (the upper lethal temperature of Japanese hornets is 44— 
46 °C) but not to the bees (the upper lethal temperature of Japanese honeybees is 
48—50°C). 

Besides bees’ reactions to attacks, bee populations themselves may also be stud- 
ied with IR imaging as noninvasive method. The information thus obtained is im- 
portant not only for understanding natural behavior in agricultural pollination 
and honey production, but also for other uses of bees, for example, in detecting 
land mines or explosives [49]. Figure 11.19 shows an IR image of six beehives. 
The color bar indicates radiance (W m~? sr~) and corresponds to temperatures 
between —12 and 0°C. 
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Figure 11.19 LW image of six beehives, with -4°C. Camera with 324 x 256 pixels, distance 
color bar calibrated in radiance (W m~? sr~'). 3-4m. Image courtesy Joe Shaw, Montana 
The scale corresponds to temperatures of State University, Bozeman, Montana. 

-12 to 0°C; the air temperature was around 


The idea is to use radiometrically calibrated camera signals from the exterior 
of the hive and relate it to the number of frames that are populated by bees inside 
each hive. The best results are obtained just before sunrise, when there is maxi- 
mum thermal contrast between the hive and the background. After sunrise, the 
onset of solar heating rapidly obscures the thermal structure of the hive’s inte- 
rior. The hive population is estimated from a count of pixels that have a radiance 
greater than a predefined value. The connection to the actual population only 
requires a single initial manual inspection in order to enable a unique relation be- 
tween hive, camera, and population. The subsequent noninvasive method allows 
rapid estimations of the population without further opening of the hive, which 
would disturb the bees and endanger the queen. 

Finally, IR imaging is also becoming much more popular for wild carnivores, 
such as bears, mountain lions, and wolves. The well-known wildlife photogra- 
pher Casey Anderson has provided fascinating footage [50-52] and (probably) 
the very first close-up IR images of a grizzly bear. As an example, Figure 11.20 de- 
picts Brutus the Grizzly bear, who was born in captivity and was kind of adopted 
by Anderson while still a cub. 

The image nicely demonstrates how IR imaging can be used in the wilderness. 
Bears, mountain lions, and other carnivores are warm-blooded animals with body 
temperatures typically well above 35 °C. When they are outside in the cold, their 
fur serves as thermal insulation. Still, they can usually be detected easily against 
the colder background. Often, wild animals being observed at night anticipate 
that people close by are not able to detect them and may therefore still behave 
quite naturally. This allows for spectacular observations when filming with in- 
frared cameras [52]. 
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Figure 11.20 Brutus the grizzly bear. (Image courtesy Casey Anderson, Vision Hawk Films.) 


11.3 
Sports 


In sports, many processes involve heat transfer. Quite often, these processes are 
also fast and require high-speed data acquisition. Examples include all kinds of 
game activities that involve balls that are hit by a racket (e.g., tennis, squash), with 
the hands (e.g., Volleyball) or feet (soccer), or by something else (e.g., billiards). For 
these activities, IR thermal imaging may record the temperature changes follow- 
ing inelastic collision processes. The corresponding information may have varied 
uses, depending on the sport. For example, one can directly determine whether 
a tennis serve has landed in the service box or gone out. In what follows, first a 
number of applications involving inelastic collisions and frictional forces are pre- 
sented. Then other potential benefits from IR imaging in sports are discussed. 


11.3.1 
High-Speed Recording of Tennis Serve 


An introduction to the collision of a tennis ball with the court was already briefly 
discussed in Section 5.2.4. Here, we discuss the problem in more detail. Modern 
tennis balls are pressurized rubber balls covered with felt. They have masses of 
around 57-58 g and diameters of about 6.7 cm. They are quite elastic, and new 
balls are required to bounce back to a height of at least 1.35m when dropped 
froma height of 2.5 m. Energy conservation requires that all of the initial potential 
energy of the ball be transformed into other kinds of energy. Just before hitting the 
floor, a dropped ball has a maximum of kinetic energy, which is about as large as 
the initial potential energy (friction due to the surrounding air is negligible at these 
slow speeds). The bouncing back, however, starts with less kinetic energy, which is 
why, later on, the ball comes to a stop at a lower height (at least 54% of the original 
height for a new ball). The difference in energy before and after the collision is 
due to the deformation of the ball upon hitting the floor. Thus, part of the kinetic 
energy is transformed into deformation energy. Because the deformation is not 
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(a) 


Figure 11.21 Visual high-speed camera images of a tennis ball hitting the floor at a speed of 
about 77 kmh~!. 


purely elastic, a part of this energy is converted into thermal energy, that is, ball 
and floor are heated up a little bit. Energy conservation, thus, means that potential 
energy is converted into the sum of kinetic energy and thermal energy. 

The resulting temperature increase is quite small when a ball is dropped froma 
height of just 2.5m. However, the serves of the top 10 tennis players can reach 
speeds of around 250km h™! (around 70 m/s). If a tennis ball traveling at this 
speed hits the court surface (whether grass or artificial), the inelastic collision will 
lead to an enormous deformation of the tennis ball. Figure 11.21 displays a visual 
image ofa tennis ball first before and then while hitting the floor at a speed of only 
about 77 kmh7!. During the inelastic collision, upon hitting the floor the ball is 
compressed significantly to about half its original volume during the contact time 
of x 4ms with the floor [53]. After hitting the floor, the velocity of the bouncing 
ball drops by about a factor of 2. 

This difference in the kinetic energies of the ball before and after the collision is 
converted into thermal energy, that is, one may expect both the ball and the floor 
to heat up. Figure 11.22 shows two thermal images recorded with a LW IR mi- 
crobolometer camera operated at a 30 Hz frame rate [54]. The first image depicts 
the situation right after the ball has hit the court. Since the ball was going too fast, 
it just left a comet-like streak behind, similar to the examples of the falling balls 
discussed in Section 2.5.5. If the ball at an initial speed of 77 km h™ had converted 
40% of its kinetic energy into thermal energy, it would have left the image field 
of view (FOV) within 25 ms after making contact with the court, which roughly 
equals the 33 ms of the frame rate, that is, the ball would only be observable in at 
most 2 subsequent images recorded at this frame rate. 

With these images it is not possible to quantitatively analyze the whole collision 
process, since first only the heating up of the floor is recorded while the ball itself 
has left the scene at an undefined temperature. Second, the heating is a transient 
phenomenon that depends on heat conduction within the ball and the court as 
well as on the respective heat capacities. However, it is possible to at least analyze 
the court surface heating as a function of time. Figure 11.22c shows the maximum 
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Figure 11.22 Tennis ball recorded with SC2000, 30 Hz. (a) First image after ball hits court, (b) 
1.7 s after ball has hit court, and (c) measured surface temperature of contact spot on court as 
function of time. 


temperature of the hot spot on the court as a function of time. The initial temper- 
ature rise in this case was about 5 K and the time constant was several seconds. 
Top players can easily reach AT values of 10-15 K, with an easy-to-observe sig- 
nal for more than a minute. Therefore, the IR detection of the collision of a ball 
with the floor is easily detected, which means that it can in principle be used to 
determine the location of the serve in the opponent’s court. This idea was tested 
more than 20 years ago at the ATP finals 1996 in Hannover, Germany. The side 
lines of the court in our experiment were just roughly marked with white chalk on 
a carpet, which yielded only a slight emissivity difference. On a real tennis court, 
the lines can be made visible using the large emissivity contrast of court and met- 
als by having thin metal threads woven into the line material. Unfortunately, the 
method, though available as instant replay in near real time, was not chosen as 
an aid for referees in tennis — probably because of the costs of using several IR 
cameras. 

Figure 11.22b shows the IR image about 1.7s after making contact with the 
court. It nicely demonstrates the different thermal properties of the fuzz-covered 
area and the rubber lines on the tennis ball surface. On the one hand, the smooth 
surface of the rubber lines allowed for a much better thermal heat transfer; on 
the other hand, the thermal diffusion was also larger. As a result, the rubber lines 
achieved a higher temperature than the rest of the ball. 
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(c) 


Figure 11.23 IR images of tennis ball while the heated lines from contact with the string 
hitting court (a) and while bouncing up again grid made of nylon or polyester synthetic ma- 
(b,c) recorded at a frame rate of 400 Hz and terials, is clearly seen. During the rebound of 
integration time of 0.75 ms. The position on the ball (b,c), the warming of the contact spot 
the ball that was hit by the racket, in particular on the floor becomes visible. 


To also observe the tennis ball itself, a high-speed IR camera (SC6000) was used 
to observe the collision. Figure 11.23 depicts three images of a slightly slower ball 
recorded at a frame rate of 400 Hz and an integration time of 0.75 ms. Because 
of the short integration time, more or less sharp and focused images result [55]. 
The first image represents the maximum deformation of the ball. On its upper 
surface, one can still see the structure of the string grid with which it was hit by 
the racket. The second and third images show the situation after collision with the 
floor. Now the floor has also heated up. One may even observe a slight rotation of 
the tennis ball in the thermal image. On the one hand, such experiments directly 
visualize the kinematics of inelastic collision processes; on the other hand, they 
make it possible to study the energetics involved. 


11.3.2 
Squash and Volleyball 


Like tennis, squash consists of a repetition of inelastic collisions of a ball with walls 
and rackets. Squash balls consist of small rubberlike balls a few centimeters in di- 
ameter and filled with air. When dropped froma height of 1 m, they do not bounce 
very well, meaning they are quite inelastic. The near permanent collisions during 
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(b) 


Figure 11.24 The temperature of a squash ball increases by about 20°C after playing for sev- 
eral minutes. 


a game will obviously lead to heating of the ball. Assuming steady-state condi- 
tions, that is, hitting the ball at a given frequency with similar strength each time, 
will lead to a dynamic equilibrium of heat transfer to the ball due to the inelastic 
collision processes and heat transfer from the ball due to convection and radia- 
tion and to a small extent also conduction to the walls during the short contact 
times. Figure 11.24 shows a squash ball before starting to play and after a few min- 
utes of play. The ball temperature has risen by about 20°C, and the ball is nearly 
homogeneously heated across its entire surface. 

Volleyballs have a diameter of about 21 cm and a mass of typically 270 g. Several 
types of inelastic collisions are observable in volleyball games, for example, when 
serving the ball or spiking with one hand, when defending with both arms, or 
as the ball hits the floor. In a spike, the hand hits the ball and deforms it, which 
already leads to heating of the ball. Second, when a spiked ball (at velocities of up 
to 30 ms) hits the floor, that also leads to heating of the floor, much like with a 
tennis ball. 

The available kinetic energy of a volleyball is similar to that of a tennis ball: 
the mass is about a factor of 4 higher, whereas the maximum velocity is about a 
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(a) (b) 


Figure 11.25 Two snapshots of a volleyball hitting the floor. Upon impact it is deformed ap- 
preciably, which leads to a temperature increase of floor and ball. In addition, thermal reflec- 
tions of the previously frosted ball can be seen. 


factor of 2 lower. Hence, we may assume a similar amount of energy can be trans- 
ferred to heat the ball and the floor. However, because of its much larger diameter, 
the contact area of a volleyball with the floor is much larger, so the thermal en- 
ergy is transferred to a larger area. Overall, a smaller temperature rise is to be 
expected. Figure 11.25 shows the results of a ball hitting the floor at high speed, 
again recorded with the high-speed IR camera SC6000. Like the tennis ball, the 
floor heats up appreciably and one may even see the geometrical structure of the 
ball surface on the floor owing to the different heat transfer rates. 


11.3.3 
Other Applications in Sports 


There are many more IR imaging applications related to sports [56—61]. For exam- 
ple, sneakers have been tested using thermography, or sports injuries, which result 
in thermal asymmetries or anomalies, may be studied. Here, one more example 
dealing with the study of heat-loss patterns in athletes is discussed briefly [56]. 
During exercise and any kind of athletic activity, working muscles produce heat, 
that is, the body temperature increases. This heating up is counteracted by var- 
ious thermoregulatory mechanisms, all of which dissipate the excess heat to the 
external environment. Two mechanisms are particularly important: first, sweat- 
ing by cooling via the heat of vaporization and, second, direct radiative cooling 
from the body surface to the environment. These cooling mechanisms are essen- 
tial for athletes to avoid heat illness, which may lead to decreased performance 
or, in the worst case, to severe injuries or even death. In the period between 1995 
and 2008, 33 high school, college, and professional football player fatalities were 
attributed to heat stroke! 

A particularly critical sport with regard to heat dissipation by the athlete is pro- 
fessional American football, because players must wear extensive padding on their 
chest, shoulders, and legs, as well as gloves and other equipment, all of which 
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reduces the effectiveness of many of the body’s methods for eliminating excess 
heat. Therefore, besides part of the arms and legs, the face itself can serve as a 
heat-dissipating surface when the helmet is removed, say, during breaks. 

The results of a recently published investigation [56] involved the use of IR 
imaging to analyze the heat patterns of a venous plexus in the face for 53 Na- 
tional League Football players in 12 regular season games. These facial regions 
have shown to be effective at heat dissipation due to increased blood flow when 
body temperature rises during exercise. Players were filmed while resting on the 
sideline during brief recovery periods following strenuous exertion, yielding 1858 
images. IR tracking of the skin temperatures proved to be a useful technique for 
understanding physiological heat exchange patterns in the cheek region after in- 
tense exertion. Characteristic trends were discernible during the postexertion pe- 
riod. For example, many players typically display a period of significant cutaneous 
temperature increase in the cheek region across the initial 0-3 min interval fol- 
lowing exertion. 


11.4 
Arts: Music, Contemporary Dancing, and Paintings 


Surprisingly many applications of IR thermal imaging have already been reported 
in the arts. Two examples, one in music and another in contemporary dancing, 
are discussed in more detail, and others concerning paintings and other artwork 
are briefly discussed. 


11.4.1 
Musical Instruments 


Musical wind instruments produce sound when warm air from the musician’s 
breath is blown into the instrument. Therefore, the instrument’s temperature will 
change once the ambient temperature differs from body temperature, which is 
usually the case. In what follows, brass instruments are discussed. Playing brass 
instruments indoors, for example, in concert halls, leads to an effective tempera- 
ture of the air in the inner cavity, which determines the intonation of the instru- 
ment. Intonation is a measure of the deviations of the fundamental frequencies of 
tones from those of a reference scale. Usually, one refers to the equally tempered 
scale, where one octave is divided into 12 half-tone steps of equal interval size 
(defined by the frequency ratios). For quantitative analysis, one octave is divided 
into 1200 intervals of 1 cent each, that is, each half-tone interval is divided into 
100 cents. 

The average temperature indoors is relatively stable and musicians can vary 
the intonation of their instrument to some extent by their blowing techniques; 
therefore, there are seldom any problems of intonation changes in an orchestra, 
which relate to the ambient temperature. In other words, there is more or less 
a temperature equilibrium within instruments after short times of several min- 
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utes. The situation, however, changes outdoors at low temperatures, say below 
10-15 °C. Again, an instrument will be characterized by an effective temperature 
that determines its intonation. However, musical pauses, which occur quite fre- 
quently for brass instruments during a concert (e.g., around Christmastime), lead 
to a cooling of the inner cavity air. Therefore, the intonation changes during these 
breaks [62, 63]. If the temperature differences are too large, the necessary correc- 
tions done by the musicians using the strength of the lips may become tedious. 
These problems become more severe for large brass instruments, which, on the 
one hand, have a large heat conductivity because of the metallic surfaces and, on 
the other hand, are too big to be kept warm by pressing them against the body or 
by holding them under one’s clothes. 

Intonation changes were measured while, simultaneously, the temperature 
across the first upper slide of a trombone was measured using IR thermal imaging. 
As a result, it was found that the warming up of the instrument due to warm air- 
flow through the mouth piece leads to a change in intonation of about 3 cents K~. 
The change occurs for all natural tones similarly, that is, the instrument does not 
change its characteristics during temperature changes. Even at low temperatures 
of 5°C, the process of warming up takes less than 10 min, meaning the instru- 
ment can be characterized as stable with respect to intonation after this time. To 
correct the tuning, trombonists either correct the length of their instrument by 
its tuning slide or in the worst case by exerting different lip strengths. 

Figure 11.26 depicts two IR images obtained while a trombone was being played. 
Obviously, a temperature gradient evolves and there is a pronounced effect at the 
crook of the main slide. After several minutes of continuous playing, steady-state 
conditions are achieved, characterized by approximately body temperature at the 
mouthpiece and a much smaller temperature gradient at a higher temperature 
level. 

Surprisingly, quite a few more applications of IR thermal imaging in music have 
been reported. They are, however, mostly related to finding specific health prob- 


Figure 11.26 Two IR images of a trombone being played. At the beginning (a), quite a large 
temperature gradient can be observed, whereas after several minutes of playing (b), steady- 
state conditions are reached. 
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lems (pain, fatigue, or musculoskeletal disorders) of musicians that are due to their 
partly unnatural body positions and movements when playing their instruments 
(e.g., [64, 65]). 


11.4.2 
Contemporary Dance 


Pointed spotlights often suffer from the problem that, although people or objects 
are illuminated with a high light flux as desired, they usually also produce disturb- 
ing shadows. In addition, stage technicians must often manually direct the spots at 
the chosen points in real time. To overcome both drawbacks, a new illumination 
technique was invented by Milos Vujković [66, 67] based on IR thermal imaging. 
Using IR-visible feedback loops that are coupled to spotlights for target-based 
illumination, it could be demonstrated that shadows of any kind can be avoided 
upon illumination. Furthermore, this innovative technique of personalized spot- 
lights requires no manual adjustments of the spots. The technique was demon- 
strated for contemporary dancing, enabling real-time movements of dancers on 
stage while only their bodies remain fully illuminated [67]. 

In general, feedback describes a situation where an output signal from a phe- 
nomenon is used to somehow affect the same phenomenon in the future. If the 
respective signals are used in a causal way, that is, if the output signal (or part of 
the output signal) of a phenomenon is used as an input signal to create a changed 
new output signal, one speaks of feedback loops. Such feedback loops are well 
known from many different areas in science, industry, and technology. Typical 
examples range from electronic circuits, where feedback loops are used in the 
design of amplifiers, oscillators, and logic circuit elements, to mechanical, audio, 
and video feedback phenomena. 

In the arts, optical feedback is sometimes used to achieve special effects. The 
feedback occurs when an optical signal, for example, the image on a television 
screen, a computer monitor, or a video beamer, is observed by a camera whose 
output is fed into the monitor/beamer (Figure 11.27). The feedback loop creates 
an infinite series of images of the same object, all within the same image. The 
actual appearance of the resulting image depends on camera and monitor settings, 
for example, light amplification, contrast, distance, angle, and so on. 

Using IR cameras rather than cameras in the visible spectral range, a very similar 
IR-visible feedback loop can be generated. The idea is to record a scene with an 
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Figure 11.28 Scheme for an IR-optical feedback loop. An IR camera records an image of a 
dancer, which serves as an input signal of a projector. 


(b) 


Figure 11.29 Two examples of IR images of contemporary dancing. 
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IR camera, for example, a performing dancer (Figure 11.28). The life signal of the 
camera can be fed into a video beamer, which projects the IR image onto a screen, 
which is behind the dancer. If the screen were be spatially separated from the 
dancer, one would just project typical IR images (Figure 11.29) onto the screen. 

If the projector is aligned as close as possible to the IR camera (it is best to 
use a telephoto lens such that the distances from the camera plus projector are 
large compared to the size of the dancers), that is, if both are nearly in collinear 
alignment, the output signal of the video projector can be superimposed onto the 
dancers. By adjusting the telephoto lens of the video projector, it is possible to 
adjust the size of the projected image to that of the dancers (Figure 11.30). For 
demonstration purposes, the size of the projected image can be chosen slightly 
larger than that of the dancer (Figure 11.30a). In principle, the size can, however, 
be reduced such that only the dancer is illuminated (Figure 11.30b). 

The idea behind this optical-IR feedback loop seems so simple that one might 
try to carry out this illumination using a visual camera. But that would raise the 
following problem. A visual light camera does need a certain light level for oper- 
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Figure 11.30 (a,b) Two useful alignments for the IR-visual feedback loop (see text for details). 


Figure 11.31 IR image of Figure 11.29b with 
different temperature span in order to reach 
saturation in image of dancers. This image 
can be used for the optical feedback signal 
to the projector. 


ation, which automatically means that the background would also be visible and 
amplified by the feedback loop. This would lead to bad contrast between dancers 
and the background. The use of an IR camera, however, easily overcomes this 
problem, since it detects the surface temperature of the dancers, which is much 
higher than that of the background. The contrast can be made very large by simply 
changing the temperature span of the IR image (Figure 11.31). If this feedback sig- 
nal is used, the background remains very dark and only the warm skin and clothes 
of the dancers remain visible. The result is a whitish projection, which fits nearly 
perfectly to the geometrical form of the dancing bodies. 

Figure 11.32 shows several still images from a video sequence, which refer to the 
situation in Figure 11.32a. The projected image was chosen to be slightly larger 
than the dancer. This made it possible to simultaneously observe the edge of the 
projected image and the moving shadow of the dancer. Movie sequences analyzed 
in slow motion reveal that the projection can be made very fast so that the pro- 
jection follows even very rapid movements of dancers in real time. 

In the experiments [67], a SC6000 research IR camera (wavelength range 1.5- 
5 um) with 640 x 512 pixel was used. It provides a 30 Hz analog output signal, 
which could be used directly as an input for the video projector. The IR-optical 
feedback loop can be easily used even for the fast body movements in contem- 
porary dance and any kind of IR camera with 30 Hz output may be used for these 
experiments, although it is desirable to have at least 640 x 512 pixels. A number of 
improvements for the future were suggested, for example, using several cameras 
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(a) (b) 


Figure 11.32 (a,b) Some photos of dancers on stage which were illuminated with a slightly 
larger projected IR image of themselves. For more details on the art aspect, see [66]. 


simultaneously from the front and sides, using cameras with higher frequency 
analog output, or including a computer between the IR camera and the projector 
for manipulations of the camera signal. 


11.4.3 
Paintings 


The restoration of paintings in museums requires a lot of sophisticated equip- 
ment. Some of the related techniques also allow one to look beneath the vari- 
ous layers of paint. One particularly interesting technique, IR reflectography, uses 
SW IR cameras like the SW cameras operating in a wavelength range from 1 to 
2.5 um [68]. IR reflectography (detailed discussion see Section 6.3.3.5) utilizes the 
fact that in certain lighting conditions, oil paints can appear transparent to the 
IR camera because they allow specific IR wavelengths to pass through them and 
be reflected below by the canvas. Graphite sketches on canvas do not reflect IR 
light and thus can be seen as dark areas on the canvas. The opaqueness of paint 
layers increases with paint thickness. If the paint is not too thick, the optimum 
wavelength to see through it while maintaining the ability to detect graphite lines 
against a white background has been shown to be around 2 um. These images are 
referred to as infrared reflectographs since images are made using reflected light, 
rather than thermally self-emitted radiation (thermographs). In this way, art his- 
torians can study the thought processes of artists, that is, see where artists may 
have changed their minds between the stage of sketching a scene and painting it. 
In the 1960s, cameras with PbS detectors (peak responsivity at 2 um) were used 
to study the underdrawings of a sixteenth-century painting using an active mode 
with the painting illuminated by a tungsten lamp. 

In a recent investigation, a Phoenix SW camera with a 320 x 256 InGaAs (sen- 
sitive from 0.9 to 1.7 um) focal-plane array was used. Lighting of the painting in 
the museum was by incandescent tungsten bulbs. An underdrawing test panel was 
made to optimize the camera settings and filter selection. This test panel consisted 
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Figure 11.33 Detection of letters covered by correction fluid or ink using SW imaging. (Cour- 
tesy FLIR Systems Inc.) 


of an ordinary primed artist canvas with vertical black stripes drawn by a char- 
coal pencil. These stripes were then covered with different colors of oil paint. The 
InGaAs IR camera was successful at imaging an underdrawing present below the 
specific chosen original painting attributed to Lloyd Branson. The underdrawing 
was oriented in the landscape direction, whereas the top painting was oriented in 
the portrait direction. Besides paintings, IR thermal imaging has also been used as 
a nondestructive test method to study historical wall paintings, frescoes, or other 
indoor and outdoor stone materials constituting cultural heritage (see [69-73] 
and references in Chapter 6). 

Very similar techniques are used in forensic sciences [74]. Criminologists often 
use SW imaging techniques to examine documents for possible alterations. Simi- 
lar to the examples presented in Chapter 6, Figure 11.33 shows examples of several 
documents that have been altered by covering some letters with either correcting 
fluid or ink, for example, from a ballpoint pen. The ink and correcting fluid neither 
absorb nor reflect SW IR radiation; therefore, they are more or less transparent to 
the radiation of 1.6 um wavelength. The underlying paper does, however, reflect 
IR as well as VIS radiation. The printer toner ultimately absorbs the SW IR light, 
which leads to image contrast. 


Visible 


Figure 11.34 SW imaging looking through paint. (Courtesy FLIR Systems Inc.) 
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Similarly, it is possible to look through thin layers of paint with SW IR radiation, 
as demonstrated on metal containers whose serial numbers were covered by paint 
(Figure 11.34). In the VIS range, it is not possible to detect the numbers, whereas 
SW radiation between 1.3 and 2.5 um readily detects hidden numbers below paint. 


11.5 
Nature 


TS. 
Sky and Clouds 


Nearly everyone who owns an IR camera has probably directed it at least once 
at the sky. Optically thick (i.e., opaque) clouds allow one to measure cloud tem- 
peratures. Clear skies, however, pose a problem. The “measured” apparent tem- 
perature is useless since the atmosphere is not optically thick in the IR spectral 
range. Figure 11.35a displays a spectrum of the vertical atmosphere in the NIR 
range. Obviously, both in the LW and MW ranges, vertical transmission has val- 
ues below 100% due to scattering and absorption losses. As a consequence of ab- 
sorption, the vertical atmosphere also emits radiation, that is, an IR camera also 
detects residual radiation contributions from the atmosphere. Figure 11.35b de- 
picts the corresponding expected emitted radiance for the vertical atmosphere, 
which is mostly due to H,O vapor, meaning it is sensitive to relative humidity, 
and CO,. It is the superposition of the emission contributions of all atmospheric 
height layers. Each layer contributes based on its absorption and the correspond- 
ing atmospheric temperature but — owing to the pressure (and gas concentra- 
tion) reduction with height — the dominant contributions come from the lower 
atmosphere. As a thought experiment, suppose H,O and CO, strongly absorb in 
the whole thermal IR range. In this case, one would expect that the atmospheric 
emission spectrum — if interpreted as a blackbody spectrum — would relate to 
a temperature of around 280 or 290 K, or the typical lower atmosphere temper- 
ature of these gases. According to Figure 1.21, such spectra would start around 
4 um and have a maximum around 10 um before decreasing again. 

In reality, H,O and CO, absorption is strong only between 4 and 8 um and 
above 14 um. In the LW range between 8 and 14 um, absorption and, hence, emis- 
sion are reduced. This explains the general form of the emitted radiance spectrum 
in Figure 11.35b. In the range 4—8 um and above 14 um it resembles more or less 
a blackbody spectrum for a temperature of 280-290 K, but in between, where LW 
IR cameras operate, the residual radiance is strongly reduced. 

The overall shape of the spectrum therefore nicely represents a blackbody spec- 
trum of average atmospheric temperature multiplied by (1—atmospheric trans- 
mission). The exact amount of emitted radiation within the LW IR window de- 
pends sensitively on the precipitable water vapor (PWV). The chosen value of 
1cm in Figure 11.35 corresponds to typical dry winter months in Europe or the 
central United States. 
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Figure 11.35 (a)Transmission spectrum of sponding emitted radiance spectrum. MOD- 
vertical atmosphere from sea level, 1 cm pre- TRAN spectra, courtesy Joe Shaw, Paul Nu- 
cipitable water vaport (PWV), and 400 ppm gent, MSU Bozeman. 

CO, in the thermal IR spectral range. (b) Corre- 


Owing to the high transmission of the vertical atmosphere within the atmo- 
spheric windows, a LW IR camera detects not only atmospheric radiation but also 
radiation from the (much colder) background, that is, space. The latter is, how- 
ever, more or less negligible compared to the atmospheric radiance contributions. 

To conclude, the measured radiance contribution from the clear zenith sky is 
the sum of the (more or less negligible) background radiance from outer space 
(3 K) (Figure 1.23), emissions of atmospheric gases (Figure 11.35b), and perhaps 
additional aerosols. The latter contribution is the least known. It depends on the 
temperature of the aerosols, that is, on their height, and may strongly fluctuate 
owing to transient sources such as volcanic eruptions, wildfires, or anthropogenic 
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Figure 11.36 Spherical (a) and planar (b) geometry for explanation of air mass M and (c) re- 
sulting air mass as a function of zenith angle Z. 


activities. As a consequence of all emission contributions, the measured zenith 
“sky temperatures” are always well above the expected 3 K background radiation 
of the universe, and they resemble some average atmospheric height temperature 
owing to the dominant contributions of atmospheric emissions. 

To make the situation more complicated, the apparent sky temperature is also 
a function of the zenith angle. This is due to the so-called air mass: radiation that 
penetrates the atmosphere not from the zenith sky but under well-defined zenith 
angles will pass a longer distance, thereby interacting with more matter. The total 
amount of matter is accounted for by the dimensionless parameter air mass, which 
can reach a value of about 38 near the horizon (Figure 11.36b) [75]. 

This means that radiation that penetrates the atmosphere along a tangential 
path from the horizon to an observer must pass 38 times the amount of matter 
compared to the vertical, that is, the zenith direction. Consequently, it has a much 
higher chance of being scattered, absorbed, or emitted, and the overall radiance 
will accordingly increase at an increasing zenith angle. Emitted IR radiance from 
a direction close to the horizon will be greatest (longest path through low heights 
with large concentrations of H,O) and it will be lowest for the zenith direction. 
In between, the apparent sky temperature derived therefrom will decrease from 
horizon toward the zenith (Figure 11.37, see also Figure 7.52). 

Owing to the complex signal integration through the atmosphere, measured 
signals are only used by scientists to extract useful information about the clear sky 
atmosphere. In contrast, users of commercial IR cameras will just produce nice 
qualitative images. When trying to quantitatively describe their results in terms 
of “sky temperatures,” they would be faced by quite a few additional problems. 

First, the typical measured temperatures are at the lower end or even below the 
minimum temperature of the lowest measurement range. This means that the de- 
tectors are not really sensitive enough, that is, they are not suitable for this kind 
of low-temperature measurement. The second problem consists in the proper 
choice of the distance. Distances used in the camera software usually refer to hor- 
izontal paths ending at opaque objects. The atmosphere is, however, not opaque 
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Apparent temperature (°C) 


(a) (b) | Horizon Distance along line Top 
Figure 11.37 View of horizon and sky with the horizon. The exact values depend on the 
setting moon on a cold winter morning chosen distance and emissivity (here arbitrar- 
(Tair = —10°C). The apparent temperature ily € = 0.95 and 2000 m). 


of the sky drops with increasing angle above 


and the paths are not horizontal. In addition, the maximum distance input in the 
camera software (for internal corrections) is usually limited to, say, 10 km. The 
next issue relates to such questions as what value of averaged emissivity should 
be used for the atmosphere, what kind of relative humidity should be used, and 
which values for the reflected temperatures should be used. Humidity and tem- 
peratures in the atmosphere vary with height quite significantly, for example, T 
amounts to about —60 °C at a height of 10 km. 

As a consequence, any thermographer should interpret apparent temperatures 
of sky images at best qualitatively. For the camera recording Figure 11.37, the low- 
est temperature range started at -60 °C. The apparent sky temperature dropped 
below this value already at elevations of around 7° above the horizon (zenith an- 
gles of 83°) at the top of the line plot! 

Figure 11.37 also includes an image of the moon. The moon or any other hot ob- 
ject observed through the atmosphere also gives rise to an apparent temperature, 
which is due to different radiance contributions (Section 11.5.3). 

Looking again at Figure 11.35, we also note that the spectrum of the vertical 
atmosphere may be compared to a corresponding spectrum for a horizontal path, 
for example, at a distance of 1 km, as shown in Figure 1.45. Both spectra are very 
similar, the main difference being the absorption feature between 9 and 10 um, 
which is due to the ozone layer at heights above 20km. Of course, it does not 
show up in the sea level horizontal spectrum. 

Besides their usefulness in imaging the sky itself, low temperatures of clear skies 
at night have additional applications with relevance to IR imaging. On the one 
hand, they can be used for cooling purposes [76], and on the other hand, clear 
night sky radiative cooling will have an impact on outdoor building thermography 
(Chapter 7). For the corresponding radiative transfer rates, it is often useful to 
define effective sky temperatures, which resemble average values, defined by the 
overall energy transfer [77]. These effective sky temperatures depend primarily 
on dew point temperature and cloud cover. 
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Figure 11.38 LW IR images of partially cloud- (c) residual radiance which is only due to the 
covered skies recorded in July 2012 in Alaska. clouds. Images courtesy Joe Shaw, Paul Nu- 
(a) Measured total radiance from sky and gent, Montana State University, Bozeman, 
clouds; (b) calculated clear sky radiance for Montana. 

camera and given atmospheric conditions; 


(d) 


Clouds in the sky often have their bases at certain heights and therefore emit 
IR radiation according to the temperature at the corresponding height. Since op- 
tically thick clouds are opaque, they usually emit more radiation than the cor- 
responding clear sky in the same direction (Figure 7.53) [78, 79]. This fact was 
utilized to estimate cloud cover in remote regions like the Arctic in an automated 
way. Figure 11.38 illustrates the principle. A radiance-calibrated IR camera detects 
the sky. Then the clear sky radiance is subtracted, which gives a residual radiance 
distribution due to clouds. Finally, a clever image-processing tool computes the 
cloud cover and cloud optical thickness. Knowledge of these values at many loca- 
tions on earth, and in particular in the Arctic and Antarctic regions during polar 
nights, is important since these data enter climate models. 


11.5.2 
Wildfires 


Unplanned wildfires occur all over the world, mostly in hot and dry seasons. They 
can have devastating impacts on the environment by consuming thousands of 
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hectares of productive timber, destroying wildlife habitats, and filling the air with 
smoke and tons of carbon dioxide. 

Wildfires are due to either natural (as a result of lightning activity) or human 
causes and require immediate and effective suppressive actions. In some regions 
like southern Europe (e.g., Italy, Spain, and Greece), the United States (e.g., Cal- 
ifornia), Canada (e.g., Alberta), or Australia, wildfires are well-known regular 
events. For example, the province of Alberta alone suffers from an average of 
about 1380 of these devastating events annually [80]. This resulted in the burning 
of more than 107000ha in the decade between 1998 and 2007, alone. Light- 
ning accounted for 49% of these wildfires; the remaining 51% were preventable 
human-caused wildfires. 

Therefore, detection and fast reporting of wildfires as well as protective ac- 
tions for the land, the people, and wildlife are very important. In what follows, an 
exemplary program of the Alberta Sustainable Resource Development, Forestry 
Division, is presented, which uses a multiple IR approach to support wildfire 
suppression activities. This program is based on more than 30 years of thermal 
IR operations in the field. It uses, first, handheld IR cameras (primary use of IR 
scanning, for example, from helicopters), second, low- and high-altitude surveys 
(gyro-stabilized gimbal mounted on a helicopter or fixed at wing aircraft for 
high altitudes), and third, satellite-based systems (using the moderate-resolution 
imaging spectroradiometer, MODIS). 

Overall, IR imaging helps to first detect holdover fires that are a result of winter 
burning, such as site clearings, power and pipeline construction, brush piles, and 
so forth, second to determine the most effective location for air tanker drops in 
heavy smoke conditions, and third to obtain hot spot locations and perimeters of 
ongoing wildfires. Overall, the allocation of limited firefighting resources is based 
on the following priorities: human life, communities, sensitive watersheds and 
soils, natural resources, and important infrastructure. 

A typical use of handheld IR imaging is to use a camera on a helicopter by re- 
moving the helicopter door. The operator must wear a safety harness. He scans a 
wildfire and marks the identified spots with marking material and the use of GPS 
coordinates. Such handheld scanning works best for wildfires on areas of less than 
1000 ha or when hot spots need to be located along portions of the fire line. 

Low-altitude IR scanning involves the use of a light helicopter (Bell 206) with 
a gyro-stabilized gimbal-mounted IR camera under the aircraft. These (more ex- 
pensive) systems allow a more flexible scanning of larger areas of typically 1000— 
10000 ha. The spatial resolution of the hot spot ranges from 2.5 to 30 cm (1 in to 
1 ft) for a maximum altitude of 250 m (1000 ft) above ground level. Approximately 
100 km of perimeter can be scanned each day, depending on the number of hot 
spots and the speed of the aircraft. 

In general, IR imaging of wildfires does not always work the same way, for sev- 
eral reasons: 


e Rainfall causes the ground to cool through evaporation. This cooling reduces 
the heat signature and can drive hot spots into the ground, where they can 
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smolder within organic material. Hot spots with sufficient energy can resur- 
face, creating a potential risk. By scanning immediately following a rainfall, one 
may miss such hot spots. Therefore, depending on the amount of moisture, IR 
surveys following rainfall should wait for some dry days before trying to find 
resurfacing hot spots. 

e The time of a scan may have an impact on the result due first to solar gain and 
second to solar reflectance. Both effects can lead to a false-positive identifica- 
tion of hot spots. Therefore, one should observe the same spot while changing 
the observation angle of the target. 

e Imaging is not possible through solid objects (such as tree trunks, but also win- 
dows in helicopters), which are opaque in the IR. 

e IR radiation can penetrate smoke to a much larger extent than visible light. 
Therefore, IR imaging is able to identify the perimeters or the head of wildfires 
through smoke from a safe distance. However, smoke may change the detected 
IR signal owing first to the absorption of the hot spot signal behind the smoke, 
second, to the emission of an IR signal from the smoke itself depending on the 
smoke’s temperature and emissivity (which depend on its optical thickness), 
and third to the scattering of IR radiation. The importance of these effects de- 
pends on the ratio of the size of smoke particles (typically larger than VIS and 
smaller than IR wavelengths) and the wavelength of the relevant radiation. For 
wildfire smoke, LW camera signals are less susceptible to absorption and scat- 
tering than is the case for VIS detection. 


The temperature range of hot spots found in wildfires ranges from above 800 °C 
for flaming combustion to below 100°C for hot areas buried below a lot of white 
ash and observed through smoke. The latter spots are very difficult to detect by 
other means. 

Figure 11.39 displays an example (VIS and IR image) ofa low-altitude inspection 
for the detection of wildfire hot spots. 


ELIR 


“SYSTEMS. 


(b) 


Figure 11.39 Hot spots of a wildfire observed to slow down an advancing fire. Courtesy of 
with low-altitude IR imaging (a) and corre- Department of Agricultural and Forestry, Al- 
sponding visible image (b). The colored line berta/Canada. 

in the VIS image resembles the retardant used 
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Figure 11.40 Head of a wildfire in thermal IR (a) and VIS image (b). IR radiation penetrates 
through smoke and makes it possible to identify the head of the fire front. Courtesy of Depart- 
ment of Agricultural and Forestry, Alberta/Canada. 


High-altitude IR scanning is done by mounting a gyro-stabilized gimbal and IR 
camera on the nose or wing of an aircraft. The spatial resolution of the method, 
which is useful for wildfires covering areas larger than 10000 ha, ranges between 
0.5 and 30 m on the ground. The images can precisely locate the head and flank of 
a wildfire, thereby effectively supporting the drops of retardant and water by air 
tankers, which are often hindered by poor visibility owing to heavy smoke (Fig- 
ure 11.40). Because of the velocity of the moving aircraft, images sometimes ap- 
pear slightly fuzzy, but that does not affect the information about hot spots or fire 
heads, for example. 

The largest-scale scans of hot spots are performed using the MODIS and Aqua 
MODIS imaging spectroradiometer instruments aboard earth-orbiting satellites. 
They view the entire earth’s surface every 1—2 days and cover the province of Al- 
berta twice a day. Fire detection data are derived from the data, and a variety of 
products related to hot spot detection are available daily [81]. The data have a 
spatial resolution of approximately 1 km; hence, satellite data can give overviews 
of what is happening on a large scale. 

Of course, IR imaging techniques, in particular those used on helicopters and 
planes, are expensive. For example, thermal IR operations cost the Alberta govern- 
ment approximately $1.6 million for each fire season [80]. However, this must be 
seen in relation to the huge benefits. Besides the use of LW cameras, SW imaging 
is very promising, too, when looking through smoke at forest fires (Section 6.3). 


11.5.3 
Sun and Moon 


After finishing an early morning outdoor IR application like outdoor building 
thermography, one may just catch the sun rising or the moon setting. And for 
any observer, the most natural thing to do is to point a camera at these celestial 
bodies. In Section 11.5.1 we discussed the problems encountered when trying to 
measure temperatures of clear skies or clouds; here we discuss first whether it is 
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recommended to direct an IR camera toward the sun. Second, we focus on prob- 
lems in measuring the corresponding apparent surface temperature of the sun. 
Third, similar measurements of the moon are presented. 

To the first order, the sun represents a blackbody source with a temperature be- 
tween 5700 and 6000 K, which according to Wien’s displacement law corresponds 
to a wavelength of maximum emission in the VIS spectral range (Figure 1.22, 
Eq. (1.16)). The high temperature combined with the rather high transmission 
of MW or LW IR radiation (Figure 11.35a) poses the first problem in connection 
with any measurement using a commercial IR camera. The typical measurement 
ranges are below 400°C and even the high temperature option usually reaches 
up to only 2000°C. Therefore, any commercial calibrated camera sensor would 
be saturated, meaning additional attenuation is required to avoid potential dam- 
age to the sensor. One way to achieve this is to insert either narrowband filters or 
broadband attenuators such as silicon wafers with high reflection losses. Alterna- 
tively (or in addition), one may use the natural attenuation in the atmosphere if 
the sun is very low, that is, close to the horizon, owing to the increased air mass 
(Figure 11.36). Whatever attenuation mechanism is chosen, the camera needs to 
be recalibrated. Therefore, the measurement — though possible — requires an ac- 
curate analysis. 

The second potential problem, encountered in studies of the sun (as well as 
moon) is the spatial resolution. Older cameras with 320 x 240 pixels — even those 
equipped with 10° FOV lenses — would only give around 15 pixels across the 0.5° 
diameter of the sun or moon. This may be just enough to obtain a measure from 
the central pixel but does not produce an appealing image. Therefore, we used 
500 mm regular VIS zoom optics for our extended MW camera (\-range 1.5- 
5 um) corresponding to about 180 pixels across the solar disk [82]. The glass also 
attenuates as a selective filter. Figure 11.41 depicts a raw image (Figure 11.41a), 
vertical and horizontal line plots across the solar disk (Figure 11.41), and expected 
signals along the line plots (Figure 11.41c). Owing to the high solar elevation, the 
line plots are symmetrical. 

The line profiles show a decrease toward the edge that corresponds to the well- 
known limb-darkening effect ( [82] and refs. therein). Scientifically a quantitative 
analysis poses no problem. It is even possible to estimate solar temperatures from 
commercial cameras if filter transmission is properly accounted for. Temperatures 
were in a range above 5000K, the largest uncertainty being due to exact knowl- 
edge of the atmospheric transmission [82]. 

The situation for the moon is only similar with respect to the spatial resolution 
since the moon has an angular diameter of 0.5°, similar to that of the sun. Its av- 
erage surface temperature, however, is due to the thermal equilibrium between 
the solar irradiance and the emitted thermal radiation. As a result, the expected 
maximum lunar temperatures range around 394 K (121°C) in the center, which is 
easily accessible to commercial cameras. Owing to the reduced irradiance toward 
the edge, the temperature decreases sharply [82, 83]. At full moon, LW IR images 
(e.g., Figure 11.42a) show a very symmetrical radiance, that is, a symmetric tem- 
perature distribution across its disk that is nearly in accordance with the theoret- 
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Figure 11.41 (a) IR image of sun recorded with FLIR SC6000 camera (1.5-5 um, f = 500 mm 
lens, 17 May 2010, 11:30a.m., clear sky); (b) horizontal and vertical line plots across sun disk; 
(c) expected line plot signals from limb darkening. 


ically expected one (Figure 11.42c). These IR images of the moon were recorded 
using a radiometrically calibrated Photon 640 LW camera (640 x 512 pixel) com- 
bined with a 200 mm telescope optics. This resulted in about 100 pixels across the 
disk of the moon. 

The quantitative analysis is not easy, mainly because there can always be addi- 
tional aerosol layers in the atmosphere. They may be optically thin, that is, almost 
invisible to the naked eye or a VIS camera image. Still they can produce enough 
absorption that the atmospheric corrections due to atmospheric radiance as well 
as transmission no longer yield correct surface temperatures. 

However, since lunar IR emission and surface temperatures are well known, 
one may turn the argument around and use the lunar IR images as calibration 
signals that allow one to estimate aerosol optical depths [83]. In Figure 11.42c 
and similar figures, the measured temperatures were close to, but always below, 
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Figure 11.42 LW IR (a) and VIS (b) images measurement (blue line) and simulation (red 
of moon from 2 August 2012, 1.7 h after full dotted line). Images courtesy Joe Shaw, Paul 
moon, lunar elevation 30°. Temperatures in Nugent, Montana State University, Bozeman, 


(a) are in Kelvin. (c) Horizontal line profile of Montana. 


the theoretically expected ones, sometimes up to 15 K. This reduction could be 
attributed to aerosols with optical depths between 0.04 and 0.1. 


11.5.4 
Infrared Mirages 


Mirages are among the most documented atmospheric optical phenomena ob- 
servable with the naked eye. They are rather frequent and easy to observe and 
record. Mirages are formed when light rays bend as they propagate through re- 
gions where the atmospheric refractive index varies. As a result, an observer sees 
additional images. One specific type, so-called inferior mirages, appear below the 
object; typical examples include scenes perceived by occupants of a car who are 
anticipating a lake or puddle of water in the road ahead of them — although it is 
just a mirror image of the sky. The typical FOV is just a few degrees. 
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Figure 11.43 VIS (a) and LW IR images (b) of an airplane at takeoff at Bozeman, MT, airport. 
Inferior mirages are clearly seen in both wavelength ranges. 


Of course, light is an electromagnetic wave, so mirages should also be acommon 
phenomenon of other electromagnetic waves traveling through the atmosphere. 
In particular, mirages are also observable in the IR spectrum. 

However, concerning mirage observations, commercial IR cameras have a se- 
vere disadvantage compared to VIS cameras. The telephoto lenses required for a 
small field of view are much more expensive. Therefore, we used a mirror tele- 
scope optics of 200 mm focal length combined with a LW FLIR Tau 640 camera 
(640 x 512 pixels) providing a 3.1° x 2.5° FOV. Inferior mirages were observed for 
airplanes at takeoff and landing on the runway of Bozeman airport over a distance 
of up to 3.4 km [84]. 

Figure 11.43 depicts a visible and an IR image ofa jet plane during takeoff. The 
inferior mirages look very similar, though there are also pronounced differences 
(for more details, see [84]). The bright visible mirage parts come from the white 
painted body and wings of the aircraft, which scatter visible light best. In contrast, 
the IR object (the plane) as well as the mirage are brightest at the warmest spots. 
These are the engines due to the hot exhaust gases and the tires, which have heated 
up as a result of the plane’s acceleration on the runway. The wings appear coldest 
since they reflect the cold sky. 
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11,55 
Geothermal Phenomena 


11.5.5.1 Geysers and Hot Springs 

Geothermal phenomena are among not only the most spectacular but also the 
most dangerous phenomena in nature. A safe observation of geothermal physics 
is possible in US national parks such as Yellowstone or in Iceland, where spec- 
tacular geyser eruptions taking place at well-defined time intervals. Geyser erup- 
tions are observed if hot water is in a cavern under high pressure due to the water 
column that extends from the cavern up to the surface, ending, for example, in a 
small pond. Because of geothermal heat, the water temperature in the cavern rises 
above the boiling point, which may well be above 100°C due to the high pressure. 
Whenever the temperature exceeds a critical limit, boiling starts and gas bubbles 
form in the cavern. On their way up the channel to the surface their volume ex- 
pands rapidly with decreasing pressure, thereby ejecting the water column on top 
of it at high velocities. Figure 11.44 depicts such a geyser eruption with hot water 
ejection as observed in Iceland. The fountain top is above 20 m, as can be seen by 
the spectators in the foreground, which were of course at a safe distance from the 
hot water. 

Similarly, Figure 11.45 displays a snapshot from a summer eruption of the 
world’s most famous geyser, Old Faithful in Yellowstone National Park. It erupts 
on average every 90 min for up to 5 min with maximum fountain heights of about 
55m. The image is calibrated and gives temperatures in °C. It also nicely shows 
clouds and partly clear skies. 

Besides geysers, hot springs and pools are among the most fascinating natu- 
ral thermal phenomena [85-87]. Being connected to underground thermal reser- 
voirs, they maintain very high temperatures all year long. They are usually very 
colorful since thermopiles, the kind that depend on temperature, may grow on the 
hot pool walls. Combined with residual scattering in the crystal clear water, colors 
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Figure 11.44 Eruption of a geyser in Iceland. Image courtesy Infrared Training Center. 
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spanning the complete visible spectral range result [85, 86]. Figure 11.46 shows a 
panoramic view of the world’s third largest hot pool, Grand Prismatic Spring in 
Yellowstone National Park. Its extensions are about 75 x 115 m? with a maximum 
depth of around 50 m. The average surface temperatures vary across the seasons, 
typically between 63 and 74°C. 

One can easily see the hot outflows and thermal reflections of the boardwalk 
with tourists. The hot steam feature in the background is due to the much smaller 
Excelsior Geyser. Its temperature is near boiling (at the geyser’s location in the 
park), around 92°C, which make it among the hottest pools. For a more detailed 
discussion of thermal features of Yellowstone National Park, see [87]. 


Figure 11.45 Old Faithful eruption from a distance (temperatures in °C). Image: Joe Shaw, Paul 
Nugent. 
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Figure 11.46 LWIR (a) and VIS (b) images of Grand Prismatic Spring in Yellowstone National 
Park, recorded in summer 2012 (see text for details). Images courtesy Joe Shaw, Paul Nugent, 
Montana State University, Bozeman, Montana. 
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11.5.5.2 IR Thermal Imaging in Volcanology 
The value of ground-based thermal radiometry in volcanology has been recog- 
nized for decades [88]. Mostly thanks to the development of powerful radiometric 
imagers in the form of handheld IR cameras, however, it is only recently that this 
method has become routine and has included data capture from helicopters and 
from the sea [89-94]. 

In recent years, thermal IR measurements of active volcanic features have been 
used for the following applications: 


1. Recognize magma movements in the uppermost volcanic conduits; 

2. Detect the upward movement of shallow feeder dikes; 

3. Track eruptive activity, for example, in craters even through the thick curtain 
of gases; 

4, Distinguish and measure the thermal and rheological properties of active 
basaltic lava flows, lava tubes, and silicic lava flows, as well as sea-entry ther- 
mal anomalies; 

5. Track the development of the structures on lava flow fields such as channels, 

tubes, tumuli, and hornitos; 

Analyze the evolution of fumarole fields; 

Study active eruption plumes, strombolian activity, and persistent degassing; 

Obtain effusion rates for active lava flows; 

Detect potential failure planes on recently formed cinder cones and fractures 

developing just before flank collapse at active volcanoes; and 

10. Analyze active lava lakes. 


we OND 


Thus, thermal imaging has contributed to a detailed eruption chronology and 
understanding of lava flow and eruption processes operating during eruption. 
Thermal mapping has proven essential during effusive eruptions, since it distin- 
guishes lava flows of different ages and concealed lava tubes’ paths, improving 
hazard evaluation. In particular, the 2002/2003 Mount Etna and Stromboli erup- 
tions were analyzed in detail with thermal imaging using more than 100 000 ther- 
mal images recorded before, during, and after eruptions. The analysis of these 
images was combined with information from visible images, as well as data on 
seismicity, ground deformation, and gas geochemistry collected routinely dur- 
ing the eruption. This allowed improved quantification of eruptive parameters, 
such as effusion rate and maximum temperature at the bottom of the summit 
craters, qualitative tracking of lava flow features, fissures, and vents in situations 
where traditional, ground-based measurements were difficult and dangerous, and 
in general a greater understanding of eruptive phenomena. 

On Mount Etna, thermal images recorded monthly on the summit of the vol- 
cano revealed the opening of fissure systems several months in advance. After the 
onset of the 2002 flank eruption, daily thermal mapping made it possible to mon- 
itor a complex lava flow field spreading within a forest below a thick plume of ash 
and gas. At Stromboli, helicopter-borne thermal surveys made it possible to rec- 
ognize the opening of fractures along Sciara del Fuoco 1h before the large failure 
that caused severe destruction on the island on 30 December 2002. This was the 
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Figure 11.47 (a) Composite photo, (b) ther- 1985 lava flow, the hot avalanche on the Spi- 
mal image, and (c) map, view from the north, | aggia dei Gabbiani beach, and part of the 

of the eastern half of Sciara del Fuoco, Strom- 30 December 2002 landslide scar. Images 
boli volcano in southern Italy, showing the courtesy Sonia Calvari, Istituto Nazionale di 
28, 29, and 30 December 2002 lava flows, the Geofisica e Vulcanologia, Catania. 


first time that a volcanic flank collapse had been monitored with a thermal cam- 
era. In addition, the exceptional explosive event of 5 April 2003 at Stromboli was 
observed from a helicopter with a thermal camera recording images immediately 
before, during, and after the huge explosion. As a consequence of these investiga- 
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Figure 11.48 (a) View from north of Sciara del ing the sea on 3 January 2003, one may easily 
Fuoco (Stromboli volcano), showing the lava detect thermal reflections from the water sur- 
flow field erupted from the 500 m elevation face. Images courtesy Sonia Calvari, Istituto 
vent. Thermal image (b) of active (yellow) and Nazionale di Geofisica e Vulcanologia, Catania. 
inactive (red-purple) single flow units enter- 
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Figure 11.49 Explosive Strombolian activ- 19 November 2002 transitional activity with 
ity and ash column detected by thermal and the ash plume bent over close to the vent by 
visible images. An example is shown of the the wind. Image courtesy Letizia Spampinato, 


2750 m vent, with digital photos and overlaps Istituto Nazionale di Geofisica e Vulcanologia, 
of the corresponding thermal images of the Catania. 


tions, it is argued that a more extended use of thermal cameras in volcano mon- 
itoring, on the ground, from fixed positions, from drones, and from helicopters, 
will significantly improve our understanding of volcanic phenomena and hazard 
evaluations during volcanic crises. It is expected that if thermal imaging is applied 
to the daily tracking of volcanic features, it will contribute significantly to volcano 
surveillance and hazard evaluation. 

Figures 11.47 and 11.48 display some typical examples of thermal images from 
lava flows. Fresh lava flows at Mount Etna can have inside temperatures of up 
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Figure 11.50 Lava fountain observed from sembles fine ash blown eastward by the wind. 
a distance of about 1000 m through thick Camera: FLIR SC660 with 640 x 480 pixels. Im- 
smoke during an eruption of the South East age courtesy Sonia Calvari, Istituto Nazionale 
crater of Mount Etna on 12 August 2011.The di Geofisica e Vulcanologia, Catania. 
lower-temperature blue shaded region re- 


to 1085°C [94] and outer surface temperatures of up to 900°C (maximum tem- 
peratures at other volcanoes can be higher, as is, for example, the case in Hawaii). 
Figure 11.49 shows explosive Strombolian activity with an ash plume. Figure 11.50 
shows similar activity with a lava fountain recorded during an August 2011 erup- 
tion of Mount Etna. The ash plumes are optically thick, but sometimes they allow 
one to estimate the maximum temperatures. For example, temperatures of about 
900°C were typically measured at distances of 250 m for Stromboli. However, for 
any quantitative analysis of volcanic features, one must take into account the spe- 
cial properties of the surroundings, for example, strong absorption due to SO, 
and aerosol absorption within the line of sight [92]; see also the spectrum of SO, 
in the appendix in Chapter 8. 

Last but not least, the current development of powerful drones and other un- 
manned aerial vehicles has already led to the first applications in volcanology [95]. 
Owing to the reduced risk for observers, drone-based volcanic IR studies are ex- 
pected to become more frequent in the future. 
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